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Introduction

This book records the fourth conference dedicated to light-emitting diodes (LEDs), held
during Photonics West in San Jose, California on 26-27 January 2000.

The proceedings contain 30 invited and contributed papers arranged according to the
6 sessions of the conference. The papers cover LEDs emitting in the ultraviolet, visible,
and infrared regions of the optical spectrum. LEDs are used for lighting, display,
communication, and other applications. This book provides an overview of the current
rapid progress in this field.

We would like to thank the authors, program committee members, session chairs, and
their affiliations for providing this valued and timely update on LED research,
manufacturing, and applications.

H. Walter Yao
lan T. Ferguson
E. Fred Schubert
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Invited Paper

High-brightness AlGalnN light-emitting diodes

M. R. Krames, G. Christenson, D. Collins, L. W. Cook, M. G. Craford, A. Edwards, R. M.
Fletcher, N. Gardner, W. Goetz, W. Imler, E. Johnson, R. S. Kern, R. Khare, F. A. Kish, C.
Lowery, M. J. Ludowise, R. Mann, M. Maranowski, S. Maranowski, P. S. Martin, J. O’Shea, S.
Rudaz, D. Steigerwald, J. Thompson, J. J. Wierer, J. Yu

LumiLeds Lighting, 370 W. Trimble Rd., San Jose, CA. 95131

D. Basile, Y-L Chang, G. Hasnain, M. Hueschen, K. Killeen, C. Kocot, S. Lester, J. Miller, G.
Mueller, R. Mueller-Mach, J. Rosner, R. Schneider, T. Takeuchi, T. S. Tan

Agilent Laboratories, 3500 Deer Creek Road, Palo Alto, CA 94303

ABSTRACT

Currently, commercial LEDs based on AlGaInN emit light efficiently from the ultraviolet-blue to the green portion
of the visible wavelength spectrum. Data are presented on AlGaInN LEDs grown by organometallic vapor phase
epitaxy (OMVPE). Designs for high-power AlGaInN LEDs are presented along with their performance in terms of
output power and efficiency. Finally, present and potential applications for high-power AlGaInN LEDs, including
traffic signals and contour lighting, are discussed.

Keywords: LED, light-emitting diode, gallium nitride, high power LED, AlGalnN, InGaN

1. INTRODUCTION

The evolution of LED performance has proceeded at a phenomenal rate and is now at the point that these solid-state
emitters are competing successfully against conventional lighting solutions in a number of applications. An
illustration of the evolution of LED performance in commercial industry is shown in Fig. 1. The development of
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Fig. 1. The evolution of commercial LED performance and its comparison to
conventional lighting technologies.
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compound semiconductor alloys and the demonstration of the first practical LED (red-emitting GaAsP) in 1962
provided the foundation for the commercial development of the solid-state lamp.'! The discovery of the isoelectronic
trap, nitrogen, in GaAsP in 1971 extended the useful wavelength spectrum of light-emitting diodes (LEDs) to the
yellow spectral region®> A significant increase in the efficiency of red emitters was achieved throngh the
development of AlGaAs/GaAs LEDs employing a fully lattice-matched direct bandgap system and heterostructure
active regions.>* In the 1970s the LED lamp exceeded the performance (luminous efficiency) of a red-filtered
incandescent bulb. The performance of the AlGaAs LEDs was further improved by the development of transparent-
substrate (T'S) devices (AlGaAs/AlGaAs) which doubled the efficiency of these emitters compared to their
absorbing-substrate (AS) counterparts.’ The emergence of AlGaInP/GaAs technology in the 1980s extended the
useful wavelength range of high-brightness emitters into the orange and yellow spectral regions.’ The development
of TS AlGaInP/GaP devices doubled the efficiency of these devices and demonstrated the commercial viability of
direct compound semiconductor wafer bonding technology.” Additional improvements to both the internal and
external quantum efficiency of TS AlGalnP/GaP devices using multi-well active region structures have resulted in
devices with efficiencies >70 Im/W at a peak wavelength (A;) of 615 nm and external quantum efficiencies >30% at
Ap ~ 632 nm.® The utility of these devices as practical lighting sources has further been improved by the
development of high-power, high-flux (10-20 Im) AlGaInP/GaP LED lamps.” Most recently, the employment of
chip shaping to AlGaInP/GaP LED technology has resulted in power LEDs with luminous efficiencies exceeding
100 Im/W in the orange spectral region (A, ~610 nm), and external quantum efficiencies exceeding 55% in the deep
red spectral region (A, ~650 nm)'°.

Similar dramatic improvements in LED performance have been achieved in the blue and green spectra region
through the development of the AlGalnN material system. Photoluminescence from polycrystalline GaN was
observed in 1962", and the first GaN-based LEDs were fabricated by material grown by hydride-phased vapor
epitaxy (HVPE)'***, The first GaN LEDs grown by OMVPE employed sapphire substrates and were demonstrated
in 1984". Considerable improvement was realized after the development of low-temperature buffer layers for high-
quality GaN films'® and the realization

of p-type GaN:Mg using low-energy 1000
electron-beam ionization (LEEBI)'’.
In 1991, Nakanmra and co-workers
developed an annealing technique'®
that provided similar activation of Mg
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highest-reported luminous efficiencies Fig. 2. Highest-reported LED luminous efficiencies.

of LEDs to date are shown in Fig. 2
and are dominated by the AlGalnN
and AlGalnP material systems.

2. STATTUS OF HI-NITRIDE LED TECHNOLOGY

The AlGalnN material system poses some unique challenges compared to conventional III-V material systems.
Presently, the lack of a lattice-mismatched substrate results in very high defect densities, which, although not




strongly linked to poor quantum Single
efficiency at the low current v
densities of LEDs, are nevetheless Py
linked to reliability problems for

AlGalnN laser diodes”. The two oR

most common substrates used for

OMVPE growth of AlGalnN are AuNi Contact Layer
sapphire and SiC. Most
commercial LED suppliers use A
sapphire substrates which are 1 T
significantly less expensive than ~4um ==

SiC. However, the use of sapphire |

as a growth substrate poses devices _

design challenges.  Sapphire is sap(p E'ﬁlﬂbnf)me
insulating and therefore both p and
n Ohmic contacts must be formed
on the top surface of the LED chip. Fig. 3. Typical AlGaInN LED structure.

This is performed by mesa etching

the AlGalnN LED structure to

expose the n-type GaN layers beneath the active region. Ohmic n-contact metallization, typically Ti/Al, is applied
to the n-type GaN. The p-type Ohmic contact is required to spread current from the p bond pad across the junction
area because of the very low conductivity of GaN:Mg. This is typically done by depositing a semi-transparent
Ni/An Ohmic contact metallization across the GaN:Mg surface. Current from the n-type contact is required to
spread through the GaN:Si layers beneath the active region. A typical device structure is shown in Fig. 3. In
general, this type of structure results in an increased series resistance compared to LEDs based on other III-V
material systems, and provides a challenge in terms of achieving the highest possible power conversion efficiencies.

Multiple
Stacked

Layers

A Contact

GaN: Si

Buffer Layer/

Even accounting for the increased series resistance, AlGaInN LEDs presently exhibit higher forward voltages than
LEDs in other ITI-V material systems. Figure 4 shows a plot of forward voltage (at 20 mA) vs. bandgap energy for
LEDs based on several different material systems. It is notable that AlGaInN LEDs throughout the blue, green, and
amber sprectral regions exhibit forward voltages about 0.5-1.0 V higher than their bandgap voltages. A comparison
of current-voltage characteristics of AlGalnP and AlGaInN LEDs, shown in Fig. 4b, show that this voltage increase
is apparent at very low current levels. At 1 mA, the AlGaInP LED exhibits a forward voltage of 1.8V, about 300
mV below the bandedge emission at 593 nm. At the same current, the AlGaInN LED exhibits a forward voltage of
2.4 V, which is only about 80 mV below the bandedge emission for 500 nm. The difference in series resistance
between the two structures is, worst case, about 20 Q. At 1 mA, the difference in series resistance can only account
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Fig. 4. (a) Comparison of forward voltage characteristics of AlGaInN LEDs compared to LEDs based on
other II-V materials systems. (b) Comparison of current-voltage charactersistics between an AlGalnP LED
(593 nm) and a AlGaInN LED (500 nm).
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for 20 mV of the difference in forward voltage.

Thus, the AIGaInN LED has additional ~200 mV - T | [
forward voltage increase at lImA compared to the o AtnGaN W (i)

AlGalnP LED. At 20 mA, the same comparison o st

yields ~ 400 mV of increased voltage (offset) for

the AlGaInN LED. Presumably, the increased B T 2
forward voltage for the AlGaInN LEDs are due | §

to internal barriers to conduction through the p-n £

junction heterostructure. The heterostructure ] QN
designs are typically comprised of ImGaN |3 I
quantum wells with GaN or InGaN barriers, g

surrounded by GaN confining layers. An AlGaN B

“electron stopper” layer is usually provided on 0%

top of the active region to improve electron 0 e © & © 100
confinement. This type of design, coupled with Forward Cusrent (ma)

piezoelectric effects and spontaneous polarization
fields on the band structure, may be responsible Fig. 5. External quantum efficiency of single- and multiple-
for the increased forward voltages observed in quantum-well AlGalnN LEDs as function of current density,
today’s AlGaInN LEDs. as compared to AlGaInP.

AlGaInN LEDs also differ from conventional III-V LEDs in terms of quantum efficiency as a function of current
density. Figure 5 compares single- and multiple-quantum-well AlGaInN LED structures with a AlGaInP double-
heterostructure LED. The AlGalnP LED exhibits increased quantum efficiency with increasing current density,
until carrier leakage and thermal effects limit the maximum achievable efficiency. For the AlGaInN LEDs, the
guantum efficiency peaks at low currents and decreases with increasing current density. This is especially apparent
for the single-quantum-well structure, whose peak efficiency at ~lmA is 1.7x higher than that at 20 mA. For the
multiple~quantum-well structure, the effect is less pronounced. Even so, the reduced quantum efficiency at higher
current levels (e.g., 50 mA) for AlGaInN poses a challenge for realization of high-flux LEDs with high power-
conversion efficiency. The details of the recombination physics in InGaN-GaN-AlGaN active regions needs to be
better understood in order to provide a model for the decreased efficiency at high current levels and to provide hope
for solving this problem.

Another issue with AlGaIuN LEDs is obtaining a 1 ownmms oot oo [
stable emission spectrum. Especially at long ——Amber 1mA ——Amber 1omA —— Amber 100mA
wavelengths, the electroluminescence peak shifts
to shorter wavelengths with increasing current
density. The effect is illustrated in Fig. 6. Blue
AlGaInN LEDs at ~ 470 nm exhibit only a ~5 nm
shift in going from 1 to 100 mA drive current. A
“green” AlGalnN LED shifts from ~520 nm to ~
505 nm over the same current range. Finally, an
“amber” AlGaInN LED exhibits a very large
FWHM, and shifts from ~595 nm to ~550 nm.
Clearly the “amber” AlGalnN LED is no longer
“amber” at the higher drive current. Even in going
from 1 to 10 mA, the “amber” AlGaInN LED
spectrum has shifted to the yellow spectral region.
This problem makes the realization of long-
wavelength AlGaIlnN LEDs difficult, since color rorrh oo
control and stability provide enormous yield RO PR
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Shitt 15nm
FWHM J0nm

Normalized intensity

problems in high-volume manufacturing. Also, for 400 450 500 850 0o 850
AlGaInN emitters at wavelengths greater than A, ~ Wavelengh (nm)

470 nm, the quantum efficiency decreases Fig. 6. Electroluminescence of blue, green, and “amber”

significantly with increased In composition in the AlGainN LED:s at forward current levels of 1, 10 and 100 mA.
active region. Further development is necessary

before AlGalnN LEDs can realistically compete




with AlGaInP LEDs in the yellow-amber
wavelength regime.

Another serious issue for AlGaInN LED
performance is reliability. Initial AlGaInN
LED reliability was fairty poor, with a
significant drop in light output observed
under high-temperature operating lifetime
tests beyond 500 hrs. Further investigation
showed that the root cause of the
degradation was due to the package, and not
the LED chip?. By replacing the clear die-
attach epoxy used to mount the LED chip to
the lead-frame with a Ag-loaded die-attach
epoxy, AlGaInN LED reliability was
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Fig. 7. Reliability performance of both “first-generation” and

dramatically improved. Unfortunately, the
switch to Ag-loaded die-attach epoxy
resulted in a decrease in light output, presumably because of the poor reflectivity of this epoxy. By inserting a metal
back-reflector on the sapphire substrate, the light output was recovered to result in a reliable AlGalnN LED with no
penalty to light output. A summary of reliability characteristics of “first generation” and “improved” AlGaInN
LED:s is shown in Fig. 7, along with a typical AlGaInP LED reliability characteristic for comparison. Presently, the
best AlGaInN LED reliability performance begins to approach that of typical AlGaInP reliability at the same current
density and junction temperature.

“improved” AlGaInN LEDs, as compared to AlGalnP.

3. HIGH-POWER HI-NITRIDE LEDS

In order to compete effectively with conventional light sources, solid-state lamps based on LEDs must have
comparable flux levels. Unfortunately, standard Smm LED lamps driven at 20-30 mA only provide a few lumens of
flux, in contrast to the many hundreds or thousands produced by conventional light sources. This disparity makes it
difficult for LEDs to compete with conventional solutions in many applications. For example, in order to provide
the same level of flux as a 60W incandescent light bulb, a solid-state light source would require several hundred
LEDs. The required large number of packages increases assembly cost and real estate. Furthermore, the high
thermal resistance of 5Smm lamp packages limits the drive current and thus the total available flux that the LED chips
can provide. By increasing the chip size and providing low-thermal-resistance power packages capable of
dissipating several Watts, LEDs should be able to compete more favorably with conventional lighting technologies
in many applications.
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Fig; 8. (a) Sheet resistances in a typical AlGaInN LED structure. (b) Lit visual of AlGaInN LED
at 50 mA, showing current crowding towards the n-type Ohmic contact.



In order to provide a power LED chip, the junction area must be increased to accommodate the larger input power.
To spread current uniformly throughout the p-n junction for a large-area LED, the Ohmic contacts must be re-
configured. The exact configuration will effect the series resistance of the device which is govermned by the sheet
resistances of the various layers of the AlGaInN LED structure. Typical values for these sheet resistances are shown
in Fig. 8a. For a device with a typical Ni/Au p Ohmic contact (~10 Q), the current spreading is limited not by this
layer but by the GaN:Si layer instead (~25 Q). This discrepancy suggests that it is current spreading from the n
Ohmic contact that will be the dominant cause of current crowding at higher current densities. Indeed, this is

observed in conventional device designs at high currents as illustrated in Fig. 8b, where light is generated at the n-
contact due to crowding.

Clearly, a power AlGaIlnN LED requires an improved contact configuration in order to avoid the current crowding
problem illustrated in Fig. 8b. Also, it is important that series resistance be kept to a minimum. A typical AlGaInN
LED design like that shown in Fig. 8b has a series resistance of 20-30 Q. Typical values for AlGalnP (vertical-
injection) LEDs are 5-10 Q. Improvement in an AlGaInN LED structure is evident in a new design, illustrated in
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Fig. 9. (a) Cross-sectional and (b) plan views of improved AlGalnN LED structure. (c) Current-

voltage characteristic of improved AlGalnN structure, as compared to the conventional device. (d)
Lit visual of the improved structure at 50 mA.

Fig. 9. Figure 9a shows a schematic cross-section of an improved AlGalnN LED design, wherein the n Ohmic
contact is brought along either side of the GaN:Mg mesa to reduce the spreading distance required by the current in
the GaN:Si layers. A plan view of the device is shown in Fig. 9b. Such devices were fabricated and their current-
voltage characteristics were measuread and compared to those of standard AlGalnN LED structures from the same
wafer. The results are shown in Fig. 9c. The improved design provides a series resistance of ~ 9.6 Q at 20 mA, less
than half that of the conventional design (21.6 ). The effect is dramatic at high currents: at 100 mA the improved




design exhibits a forward voltage of 3.6 V as compared to 5.0 V for the conventional structure. A lit visual of the

improved LED at 50 mA is shown in Fig. 9d, which does not exhibit current crowding effects such as shown in Fig.
8b.

The above improved contact configuration can be extended to power AlGaInN LED design. This concept is
illustrated in Fig. 10. By having interdigitated n and p Ohmic contacts, a large area LED may have excellent current
spreading capability and low series resistance, both of which are very important for high-power operation. Figure
10a shows a plan view schematic of a 1x1 mm? AlGalnN LED chip employing an interdigitated contact design.
Figure 10b shows a schematic of the same structure in cross section. Each set of p Ohmic contacts is surrounded by
two n Ohmic contact fingers, comprising a “cell” with a certain electrical resistance. By combining these cells as
demonstrated in Fig. 10a and b, the total resistance of the device is the resistances of these cells in parallel.
Therefore, the more cells in the design, the lower the series resistance.
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Fig. 10. (a) Cross-sectional and (b) plan views of a 1x1 mm?” power AlGaInN LED structure. (c) Voltage
as a function of current density of the power AlGaInN LED, as compared to the conventional device (~ 0.35
x0.35mm?). (d) Lit visual of a portion of the power AlGaInN LED at 350 mA.

A simple calculation shows that the series resistance of the LED is proportional to N2, where N is the number of
cells. Experimental optimization for the 1x1 mm’ device at 350 mA shows that four cells achieves the best
performance in terms of power conversion efficiency. The forward voltage of such an LED is plotted in Fig. 10c as
a function of current density, along with that of a conventional AlGaInN LED structure (~ 0.35 x 0.35 mm®). The
power AlGaIN LED is shown to have an improved electrical performance even though it contains roughly ten times
the junction area of the conventional device.



One drawback of the power AlGaInN
LED with respect to the conventional
structure is with respect to light
extraction efficiency. Experimental
measurements of external quantum
efficiency as a function of junction
area consistently show a decrease in
quantum efficiency with increasing
junction area. This is illustrated in
Fig. 11 for die sizes from 0.5 to 1.5
mm. The quantum efficiencies are
normalized to the case for a
conventional 0.35 mm size AlGaInN
LED. The reduction in quantum
efficiency is significant, with a ~25%
decrease observed between the 0.35
and 1.0 mm cases. Ray-trace
modeling of AlIGalnN LEDs indicates
that this reduction in quantum
efficiency is due to decreased
extraction efficiencies for the large-
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Fig. 11. Normalized external quantum efficiency vs. die
area for both A1GaInN and AlGaInP LEDs.

area LEDs. For these LEDs, the low aspect ratio prevents much of the light from escaping out the sides of the chip.
This light is instead bounced around inside the chip and is susceptible to reabsorption at many of the optical loss
mechanisms present, such as free-carrier or Ohmic contact absorption. Interestingly, the same phenomenon is
observed for AlGaInP, suggesting that this is strictly an issue of geometry. In fact, as shown in Fig. 11, the AlGaInP
efficiency derating with increased junction area does not differ appreciably from that of Al1GaInN LEDs.

In order to derive full light-generating capability from the power AlGaInN LED chip, a high-power, low thermal
resistance package is required. Recently, a power package for A1GaInP power LED chips has been demonstrated’.
This package can dissipate several Watts of power and inserts a thermal resistance of only 2°C/W. The Cu body
provides good heat-sinking while a two-part lens is comprised of a hard outer lens and a soft, low-stress inner

encapsulant.
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Fig. 12. Light output vs. current characteristic of a blue (A, ~470 nm), 1x1 mm® AlGaInN LED in a
power package, compared to a conventional AlGaInN LED in a 5 mm lamp package.




The light output vs. current characteristic for a biue (A, ~470 nm), 1x1 mm’ AlGalnN LED mounted in a power
package is shown in Fig. 12. A power output of over 170 mW is obtained at a drive current of 1.5 A dc. The fact
that the output power has not saturated at 1.5 A is a tribute to the excellent thermal characteristics of the power
package and the low temperature dependence of quantum efficiency for the AlGaInN LED. For comparison, a
conventional AlGaInN LED (~0.35x0.35 mm?) with similar quantum efficiency in a 5 mm lamp package exhibits a
peak output power of less than 10 mW at 100 mA. A summary of the performance characteristics of a cyan (A, ~
505 nm) power AlGaInN LED as compared to the conventional device are summarized in Table I for equivalent

current densities (~ 45 A/cm?).

The heat dissipating capability of the
power package, coupled with the
low-stress inner encapsulant
surrounding the chip, allow for

Table I. Typical performance characteristics of high-power AlGaInN
LEDs in power packages compared to conventional devices in 5 mm lamps
(Ap~ 505 nm).
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4. APPLICATIONS .
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The high power AlGalnN LEDs enable applications
wherein high flux density is important, and offer
advantages over solutions employing conventional
LEDs. An example of one application where high-flux
LEDs offer unique advantages is traffic signaling. The
advent of power LEDs has allowed the reduction in the
number of LEDs required for a traffic ball from a few
hundred down to just 12 to 18. This reduction in the
required number of emitters is illustrated in Fig. 14.
This allows the lighting engineer to treat the LEDs as a
compact, high-flux light source in the design of the
traffic ball. Through the use of secondary optics, the
desired radiation pattern for the traffic signal application
is achieved.  Moreover, unlike for the case of
conventional LEDs which can appear “spotty”, the high-
flux light engine mated with secondary optics results in
an extremely uniform appearance of the radiance across
the traffic ball.

(@ o

“ig. 14. High-flux LEDs has enabled light engines for
traffic balls to reduce LED count from (a) a few hundred,
to (b) eighteen.

Fig. 13. High-temperature operating lifetime stress of power
AlGaInN LEDs at forward currents of 0.35 and 1.0A.
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One application that high-flux LEDs enable is lighting via fibres. The flux densities required for efficient lighting
via fibres are not achievable using conventional LEDs. This is not the case for power LEDs, which offer more than
ten times the flux in roughly the same area. A schematic cross-section of a power LED fibre light engine is shown
in Fig. 15a along with a prototype module in Fig. 15b.

The possible applications for LED fibre light engines are many. Because they are solid state, the LED fibre engines
are small, compact, and efficient, and do not require a cooling fan as is the case for fibre light engines using
conventional light sources. Also, different color LEDs may be mixed in the light engine module to provide a wider
vatiety of colors, even white. These colors may even be externally controlled to provide dynamic color changes for
certain applications. Also, the LED fibre engine will benefit from the long-life of solid-state emitters. Finally, the
system is actually cheaper to manufacture than its conventional counterpart.
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Fig. 15. Power LED fibre light engine: (a) schematic cross-section, and (b) photograph of prototype module.

5. CONCLUSIONS

There are of course many other E
applications suitable for the use of
power AlGaInN LEDs. The conversion
of blue light into white via phosphors
enables power AlGaInN LEDs to
produce several lumens of white light
per emitter, such that one can envision a
white flashlight which is comprised of
only one LED and which draws less
power than an incandescent bulb. As
penetration into existing applications
increases, and new applications emerge,
solid-state light emitters will continue to
increase their value proposition to the
world, offering more lumens for reduced
cost. Similarly, continued research and
development of these material systems
will yield more efficient and higher
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Fig. 16. The evolution of red LED technology in terms of cost and flux.

power LEDs, resulting in emitters with increased luminous output. This trend has been going on since the invention
of the LED. Figure 16 illustrates this for red emitters, which have the longest history. The trend in cost reduction is
dramatic, with ten-fold reduction in cost per lumen per decade. Similarly, the increase in lamens per emitter is
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increasing at an incredible ~ 30x per decade. At these rates, the LED will catch up with the conventional light bulb
in terms of cost and power in the early part of the 21" century, and penetrate the last vestiges of the lighting market
now served by conventional lighting technologies.
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ABSTRACT

In this paper, we overview several of the critical materials growth, design and performance issues for nitride-based UV
(< 400 nm) LEDs. The critical issue of optical efficiency is presented through temperature-dependent photoluminescence
studies of various UV active regions. These studies demonstrate enhanced optical efficiencies for active regions with In-
containing alloys ( InGaN, AllnGaN). We discuss the trade-off between the challenging growth of high Al containing alloys
(AlGaN, AlGalInN), and the need for sufficient carrier confinement in UV heterostructures. Carrier leakage for various
composition AlGaN barriers is examined through a calculation of the total unconfined carrier density in the quantum well
system. We compare the performance of two distinct UV LED structures: GaN/AlGaN quantum well LEDs for A < 360 nm
emission, and InGaN/A1GalInN quantum well LEDs for 370 nm< A < 390 nm emission.

1. INTRODUCTION

While much of the research in the nitride field has focused on the development of blue and green LEDs and laser diodes, UV
(A <400 nm) LEDs based on GaN, AlGaN and/or AlGalnN active regions are also of great interest and are well suited to a
number of applications. One of the most promising uses of a UV LED is as a high energy excitation source. In the
biomedical and chemical sensing fields, UV LEDs can be used as compact and robust excitation sources of fluorescence. UV
LEDs may also prove to be superior to blue LEDs in exciting phosphors for white lighting applications, due to improved
color rendering. To date, there have been relatively few reports of UV LEDs based on the wide-bandgap nitride
semiconductors. In particular, Akasaki et. al. [1] reported on a GaN/AIGaN double heterostructure (DH) LED with emission
at 370 nm and up to 1.5% external quantum efficiency. Mukai, et. al. [2] have achieved an impressive 5 mW output at 371
nm from an InGaN/AlGaN DH LED with very low levels of indium (In) in the active region. That LED was reported to have
up to 7.5% external quantum efficiency but the efficiency dropped by more than an order of magnitude as the emission
wavelength shifted to 368 nm with the total elimination of In from the active region. Shorter wavelengths have been
achieved by Han, et. al. [3] through a GaN/AlGaN multiquantum well (MQW) structure. These LEDs demonstrated a 354
nm emission peak with a narrow FWHM linewidth of 5.8 nm and relatively low output powers of 12 uW at 20 mA. Thus,
while one group has demonstrated high ( > 5%) efficiency LED performance for A > 370 nm, many of the challenges
inherent to the shorter wavelength emission regime still remain.

In this paper, we discuss a number of materials growth and design challenges for achieving high performance UV LEDs and
present the performance of two distinct UV LED structures. In section 2, we describe the materials growth and the general
heterostructure designs for the UV LEDs that we have developed. In section 3 we review critical materials and design issues
such as optical efficiency of UV active regions, internal absorption effects, critical thickness limitations for AIGaN layers and
carrier leakage. We report on the performance of GaN/AlGaN MQW LEDs with emission wavelengths < 360 nm as well as
the performance of InGaN/AlInGaN MQW LEDs for 370 nm< A < 390 nm emission in sections 4 and 5, respectively.

2. MATERIALS GROWTH AND LED HETEROSTRUCTURE DESIGNS

The nitride materials described in this paper were grown in a high speed (~ 1200 rpm) rotating disk MOCVD reactor on two
inch sapphire substrates. Different growth conditions were employed for non-indium containing alloys (GaN, AlGaN) as
compared to indium containing alloys (InGaN, AlInGaN). The GaN and AlGaN growths [3] were typically carried out at
1000-1080°C with hydrogen as the carrier gas. Ammonia (NH3), Trimethylgallium (TMGa), Trimethylaluminum (TMA1)
were used as the N, Ga, and Al precursors, respectively. The growth of InGaN and AllnGaN [4] was carried out at 750-
800°C, with nitrogen as the carrier gas and Triethylaluminum (TEA) and Trimethylindium (TMI) as the Al and In sources,
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respectively. A standard two-step growth (550 and 1050 °C for the low and high temperatures, respectively) with a GaN
low-temperature buffer layer (~250 A) was used in this work.

We will focus on two general heterostructures for UV LEDs. The overall layer sequence is quite similar for the two
structures, and is shown in Figure 1. The first design is an MQW LED structure with GaN quantum wells and Al,Ga;..N
barriers and emission in the A < 360 nm region. The n-GaN buffer layer is typically 3 um in thickness and Si-doped to a
level of 2-5x10'"® cm™.  The n-AlGaN cladding with x=0.15-0.20 is approximately 400 A thick and doped to a similar level
as the n-GaN layer. The multiquantum well region consists of 5 periods of 30 A thick GaN quantum wells and 70 A thick
AlGaN (x=0.15-0.2) barriers. The p-AlGaN cladding is typically 400 A thick and the contact layer is 0.05-0.1 um thick p-
GaN. The second type of UV LED structure utilizes InGaN QWs and AlInGaN barriers in the MQW active region. The
MQW region consists of 47 A thick In,Ga, N quantum wells with x=0.04 and 48 A thick Al In,Gay.,N barriers with x=0.04
and y=0.14. The p-GaN cap layer is thicker for these structures, due to the fact that the longer wavelengths emitted from the
active regions are not as strongly absorbed by the p-GaN layer. Thicknesses of 0.1 um to 0.25 pm have been used.
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Figure 1: Schematic of UV LED MQW heterostructures

3. GROWTH AND DESIGN CHALLENGES FOR HIGH EFFICIENCY UV LEDS

The performance of nitride-based UV LEDs has yet to reach that of commercially available blue and green LEDs. Although
relatively good performance has been reported in the near UV region of A > 370 nm, there exist a number of distinct
challenges for achieving high efficiency at the UV wavelengths, and these challenges become particularly difficult for
wavelengths shorter than 370 nm. In this section, we review specific challenges that limit UV LED performance, including
optical efficiency of the active regions, internal absorption effects, critical thickness limitations and carrier leakage.

3.1 Optical Efficiency of UV LEDs

One of the most intriguing issues in the nitride field concerns the high optical efficiency of nitride-based blue and green
LEDs. Specifically, although a great deal of progress has been made in the development of InGaN-based light emitters, the
tole played by indium (In) in contributing to the optical efficiency is still quite controversial. A number of groups have
proposed that the inhomogeneity of In incorporation results in carrier localization at In-rich regions and that this localization
leads to enhanced optical efficiency [6-8]. Support of this hypothesis is found in cathodoluminescence experiments that
demonstrate a variation of the PL emission energy on the microscale, suggesting that In composition variations on the order
of several percent are possible [9]. Further insight is gained by the time-resolved spectroscopy experiments of InGaN
quantum well structures performed by Narukawa, et. al. [10], which suggest that the density of non-radiative centers and
possibly the non-radiative recombination mechanism itself is altered when In is included in the growth. A similar result was



obtained by Kumano, et. al. [11] who suggest that increased optical efficiency is due to reduced non-radiative recombination
centers with In incorporation. Thus, it is clear that a strong consensus has not emerged as to how the presence of In in the
QWs affects the optical efficiency and whether it is absolutely necessary for achieving high efficiency nitride LEDs.

This issue of whether In-containing QWs are needed for high efficiency is especially critical if we look at UV LED
structures. Clearly the GaN MQW LEDs do not contain In in the active regions, and therefore would not benefit from the
proposed improvements in optical efficiency seen in the blue and green LEDs. Furthermore, in order to achieve LED
emission at A < 390 nm from InGaN MQW structures, the In composition must be reduced to relatively small values ( x <
0.06). Thus even in the InGaN/ AllnGaN MQW structures described in this report, the role played by In could be
significantly reduced from that of blue and green LED structures with higher In compositions in the InGaN QWs.

In an effort to further elucidate these issues, we have performed a number of photoluminescence studies of InGaN, GaN and

AlGaN MQW and bulk structures. In particular, we have performed temperature-dependent photoluminescence (PL)
spectroscopy measurements on a number of MOVPE grown In,Ga; 4N epilayers in the low In composition regime (x < 0.10)
[12]. This composition regime was chosen to examine whether a clear trend in optical efficiency and temperature dependent
quenching of PL intensity can be found with the addition of just small amounts of In. Our work has also intentionally
focused on relatively thick (0.2 um) and doped bulk InGaN epilayers so that the role of piezoelectric field effects would be
minimized [13]. This work is therefore distinct from the majority of the previously reported work that has focused on InGaN
quantum wells with higher ( x> 0.1) In composition.
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Figure 2a : Room temperature PL spectra of InGaN bulk Figure 2b: Temperature dependent integrated PL intensity of
epilayers [12]. InGaN bulk epilayers with In composition x. The Ea values
are derived from fitting the data to equation 1 [12].

The PL measurements were performed using a HeCd laser (325 nm) at a low power density of approximately 30 W/cm?. A
0.3 meter spectrometer with an integrated UV enhanced CCD detector was used, with a spectral resolution of approximately
0.2nm. The room temperature PL spectra for four InGaN epilayer samples is shown in Figure 2b. A strong increase in the
integrated PL intensity is seen as In composition is increased, with more than a 25X increase as the peak wavelength shifts
from 363-397 nm. The data suggest that the optical efficiency is highly dependent on the In composition. The full

temperature dependence of the integrated PL intensity is plotted in an Arrhenius plot in Figure 2b. The data is fit with the
following formula [14]

I=Iy/[1+0 exp (-E/KT)]. (1
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Here the non-radiative decay is assumed to be thermally activated such that the non-radiative lifetime T,=T,exp(E,/kT) and E,
is the activation energy for PL quenching. The parameter o is equal to T./1, where 7, is the radiative lifetime. From the E,
values, we see a systematic increase in the activation energy as the indium composition is increased. The full temperature
dependent data thus give further support of the hypothesis that increasing In composition improves the optical efficiency of
the materials. Through the increasing E, values with increasing In composition, we see that the In is reducing the
effectiveness of non-radiative recombination mechanisms in quenching the PL intensity. Whether this effect is due to carrier
localization or a modification of the nature of the non-radiative centers can not be determined from the data.

Additional temperature dependent PL measurements were performed on InGaN, GaN and AlGaN MQW structures. The
InGaN QW structures were supplied by Meijo University and have 10 periods of 23 A thick Ing,,GaNg7sN QWs with GaN
barriers. The GaN MQW structure was grown at Sandia National Laboratories and consists of 4 periods of 30 A thick GaN
quantum wells with Alg2GaggoN barriers. It should be noted that this GaN MQW structure was grown on an AlGaN buffer
so that the QW emission would not be confused with emission from a thick GaN buffer layer. The AlGaN MQW structure
was identical to the GaN MQW structure except that approximately 5% aluminum was added to the QWs. In Figure 3a, we
show the low temperature (T=10K ) photoluminescence spectra for the three MQW structures. In Figure 3b, we show the
temperature dependence of the peak PL intensity for the three MQW structures. A strong distinction is seen in the total drop
in peak PL intensity. In particular, the InGaN MQW structure experiences a relatively small (4X) loss in peak PL intensity
from 10-300K, while the peak PL drop is 60X and 1000X for the GaN MQW and AlGaN MQW structure, respectively. In
the quantitative comparison of the PL data for these three MQW structures, it is important to recognize that the growth
conditions for the visible and UV MQW structures were quite different, and it is possible that further optimization of the
growth conditions for the UV MQW structures would improve the performance. Nevertheless, this data is a good
representation of the performance of our current GaN MQW:s and high quality InGaN MQWs. In this data, we see evidence
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Figure 3a: T=10K PL of InGaN, GaN and AlGaN MQWs.  Figure 3b: Temperature dependence of peak PL intensity
for InGaN, GaN and AlGaN MQWs.

that the discrepancy in the optical efficiency between the visible and UV MQW structures is highly temperature dependent.
In particular, the UV MQW structures are more susceptible to non-radiative recombination processes which serve to quench
the PL intensities at room temperature. Furthermore, the severe 1000X drop in intensity from 10-300K for the AlGaN
MQWs shows the increasing challenge of obtaining high optical efficiency at wavelengths in the 340 nm region and shorter.

As a final experiment, we performed temperature dependent PL studies of InGaN MQW structures where the In composition
was kept to a low value (~ 4%) to enable room temperature emission at 380 nm in the UV. These structures are similar to the



MQW region of the LED heterostructures described in section 2. The particular structures grown for PL studies consisted of
10 periods of 47 A thick InGaN ( x=0.04) QWs with AlInGaN barriers. A drop of ~5X in the integrated PL intensity from
10-300K is seen [13], which is similar to the performance of the blue-emitting InGaN MQW structure described in Figure 3.

In summary, the spectroscopic studies that we have performed on InGaN bulk films and InGaN, GaN and AlGaN MQWs
have shown that samples with In-containing QWs can have significantly higher optical efficiency than samples with no In in
the active region. This result might suggest that GaN/AIGaN MQWs may not be intrinsically capable of performing to the
level of InGaN near UV and visible MQWs. To improve the performance of GaN/AlGaN MQWs, a further measure of
growing the structures on epitaxially laterally overgrown GaN to significantly reduce dislocation densities may serve to
largely improve the non-radiative recombination problem. Indeed, studies by Mukai et. al. have shown that GaN/AlGaN DH
LEDs had up to 2X increased output powers when this technique was employed [16].

3.2 Internal Absorption Effects for Shorter Wavelength (A <370 nm) UV LEDs

In consideration of the challenges in obtaining high efficiency UV LEDs, one must also seriously consider the detrimental
role played by internal absorption for UV LEDs with A < 370 nm. At the heart of this problem is the fact that most nitride-
based LEDs rely on 3-4 um thick n-GaN buffer layers and ~0.1 pm thick p-GaN capping layers for good current spreading
and low contact resistance. While these GaN layers are rather transparent for blue LEDs operating at 450 nm, they become
strongly absorptive as the QW emission wavelength reaches 370 nm and shorter wavelengths. This effect has been described

by both Mayer et. al. [17] and Mukai et al. [18]as a significant contribution to the sudden loss of optical efficiency for A <
370 nm.

T T i — We have most clearly seen this effect in the
| electroluminescence (EL) spectra of AIGaN MQW LEDs
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GaN current. A clear delineation of the GaN absorption edge
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sample at those wavelengths. In contrast, the 340 nm
peak from the AlGaN QWs is significantly reduced in
intensity compared to what one would expect from the
tail emission and shows no F-P oscillations. Thus, it is
clear that if one needs high efficiency at these shorter
wavelengths, a more transparent buffer layer, such as one
consisting of higher bandgap AlGaN or AlInGaN must be
employed. Progress in AlGaN buffer layers has been
reported by Takeuchi et. al. [19], who have demonstrated
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Figure 4: EL spectra for AIGaN MQW LED at 80 mA.

3.3 AlGaN Cladding Designs: Critical thickness Limitations and Carrier Leakage

Another challenge in the growth and design of nitride-based UV LEDs is the fact that one needs increasingly higher bandgap
materials for the barrier and cladding layers. These high bandgap layers are needed to ensure sufficient carrier confinement
in the quantum wells, as well as to reduce carrier leakage out of the active region. At present, Al,Ga; N alloys with x=0.10-
0.20 are most commonly used as cladding layers in InGaN and GaN LEDs. Since AlGaN is tensile strained when grown
pseudomorphically on GaN buffer layers, there is a critical thickness before dislocations and/or cracking sets in. This
requirement puts a strong limitation on the thickness and composition that one may use to reduce electron leakage in the
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LEDs. In general, these thickness limitations are much more critical for laser diodes than for LEDs, since one needs a much
thicker cladding layer to provide optical confinement. Nevertheless it is important to recognize that even for UV LEDs, one
must make a compromise between the cladding composition and thickness and the optimal confinement. As will be
discussed in section 5, this problem can be eliminated if one could grow high bandgap AllnGaN alloys lattice matched to
GaN for cladding layers or grow structures on AlGaN buffer layers. In this section, however, we will focus on the issues of
critical thickness and carrier leakage of UV LEDs with AlGaN claddings.

The critical thickness for stress relaxation in AlGaN/GaN heterostructures has been studied by Hearne, et al. [20] through in-
situ stress measurements during MOVPE growth. This work determined that the observed critical thickness for cracking in
AlGaN was consistent with the Griffith equation estimated critical thickness. Using the values from Ref. 20, the approximate
critical thickness for an Al 3Gag-N epilayer on GaN is 700 A, for an Al ,Gag N epilayer on GaN is 0.15 pm, and for an
Aly1GagoN layer on GaN is 0.6 pm.

The effects of exceeding the critical thickness can be clearly seen in Figure 5, where we show a top-view photograph of a
100 pm diameter mesa-etched GaN MQW LED with Alg,GaogN barrier and cladding layers. The total thickness of the
AlGaN layers exceeds 0.2 um. The cracking networks are especially visible in the etch-exposed n-GaN layer, where
preferential etching in the cracks has made them more pronounced. I-V characterization of such LED structures yiclded
extremely poor reverse leakage characteristics, as shown for a number of cracked devices in Figure 5b.
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Figure 5a: Top view photograph of a GaN /AlGaN MQW Figure 5b: I-V characteristics for several cracked GaN
LED with > 0.2 um total thickness of Alg,GaggN barrier. /A1GaN MQW LEDs

Given these limitations in Al composition and thickness, it is useful to evaluate the expected carrier leakage from GaN MQW
structures with various composition AlGaN claddings. We have modeled the carrier leakage in a GaN/AlGaN single QW
structure grown along the c-axis of the hexagonal wurtzite crystal structure. This particular structure assumes the AlGaN
layers are relaxed and that the GaN QW is compressively strained. Such a structure is relevant for UV LED structures grown
on transparent AlGaN buffer layers. The basic approach is detailed in Ref. 21. It involves calculating the bandstructure and
carrier distribution in both the confined QW states and the unconfined barrier states as a function of injected carrier density.
Piezo-electric and spontaneous polarization effects [22] are included in the calculation. Carrier leakage is determined by
assuming that the unconfined states of the QW structure, which contribute to current leakage via carrier recombination, drift
or diffusion, may be populated through thermalization with the population in the bound QW states. We determine the carrier
leakage by the ratio of the unconfined carrier density to the confined carrier density. A schematic of the GaN SQW
heterostructure and the processes described by the model are shown schematically in Figure 6. We use a 6 x 6 Luttinger-
Kohn Hamiltonian and the envelope approximation [23] to compute the hole energy dispersions and the optical dipole matrix
elements. Input parameters to the calculation are the bulk wurtzite materials parameters [24] for the binary alloys. A
conduction band offset of 0.67 is assumed.
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Figure 6: Schematic of the GaN SQW heterostructure and states involved in the carrier leakage model

We first explore the carrier leakage using a relatively low bandgap Alp;GaggN barrier and plot the electron and hole densities
in unconfined states versus total carrier population. In Figure 7 we show the results of our calculations for a 2 nm and a 4 nm
thick GaN QW. The calculations assume T=300K.
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Figure 7: Electron (solid curve) and hole (dashed curve) densities in unconfined states versus total (confined and
unconfined) carrier population at T=300K for (a) 2 nm GaN QW/Aly;GagoN barrier structure and (b) 4 nm GaN
QW/Al, 1GaggN barrier structure.

For both the 2 nm QW and the 4 nm QW, we see that the unconfined carrier populations are relatively insensitive to the total
carrier density until one reaches total densities of approximately 1x10> cm™. This density is higher than that typically used
for LED operation, and thus the carrier leakage should be relatively insensitive to injected current for LED operation at
modest injection levels. For UV laser diodes, however, where one would expect the threshold carrier densities to be as high
as 1x10" cm?, our calculations predict a significant loss of 20-35% of the carriers due to leakage. For the narrower 2 nm
QW in the low injection regime ( < 1x10'* cm?), our analysis shows that hole leakage is dominant and can represent a
carrier loss of up to 20%. In contrast, electron leakage dominates for the wider 4 nm well and is reduced to ~6% at these
injection levels. The dominance of hole leakage for the 2 nm well can be explained by the fact that the valence band offset is
significantly smaller than the conduction band offset ( AEc=0.67Eg is assumed) and the confined quantum well states are
relatively close to the unconfined levels in this narrow well. In the thicker 4 nm well, the confined states have lower energy
relative to the unconfined states and can provide sufficient confinement for the holes. In this case, the lighter electrons
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experience more leakage. Although the 4 nm well is clearly superior in terms of reduced leakage, it is important to note that
piezoelectric effects, which would significantly reduce electron-hole overlap, are more severe for the thicker wells.

We further explore the importance of higher Al composition claddings by calculating the carrier leakage for 2 nm GaN QWs
with AlyGaggN barriers and Aly,GaggN barriers. In Figure 8, we assume an injected carrier density of 1x10"" em™ and plot
the unconfined carrier density as a function of LED temperature. From this calculation, we see that the benefit of the higher
bandgap Alg2GaggN barrier is quite significant, showing only a 0.5% electron leakage at 300K. The stronger confinement of
this structure leads to electron leakage being dominant, as for the thicker QW case in Figure 7b. The electron and hole
leakage levels increase strongly with temperature, resulting in up to 2.7% electron leakage at 100°C above room temperature.
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Figure 8: Electron (solid curve) and hole (dashed curve) densities in unconfined states versus total (confined and
unconfined) carrier population as a function of temperature for (a) 2 nm GaN QW/A 15;GagoN barrier structure and (b) 2 nm
GaN QW/Aly,GaggN barrier structure. A total carrier concentration of 1x10" cm? was assumed.

In summary, we have shown that carrier leakage can significantly reduce the efficiency of GaN/AlIGaN MQW LEDs. A
barrier Al composition of x=0.2 is sufficient to reduce carrier leakage to < 1% of the total carrier population for 2 nm thick
GaN QWs at 300K. In-situ stress measurements suggest that up to 0.15 pm of Aly,GagygN barrier and cladding layers can be
employed before large scale cracking sets in.  For shorter wavelength UV LEDs (< 350 nm), such as those employing
AlGaN QWs, issues of carrier confinement and critical thickness are more critical.

4. PERFORMANCE OF GaN/AlGaN MQW LEDS for A <360 nm

We have fabricated GaN/AlGaN MQW LEDs using the heterostructure design shown described in section 2. 100 um-250
um mesas were defined by inductively coupled plasma (ICP) etching. Ti/AUTi/Au was used as the n-contact, and Ni/Au
oxidized to form semi-transparent NiO [25] was used as the p-contact. Initial structures had a relatively narrow 30 A Qw,
and electroluminescence peaked at 354 nm [3], as shown in Figure 9a. Th L-I-V data shown in Figure 9b was taken with a
calibrated Si detector in close proximity to the sample, and demonstrates 12 WW of output power at a current of 20 mA ( ~
180 A/cm? for these devices), and a turn-on voltage of approximately 4V. This performance results in an external quantum
efficiency of below 0.1%, which is largely due to the internal absorption effects. The EL FWHM of 5.8 nm is significantly
narrower than that reported for InGaN blue and green LEDs; a feature which is often desirable for spectroscopic applications.
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Figure 9: (a) Electroluminescence spectrum of 30 A GaN/AIGaN MQW LED at 5 mA. (b) Light output-current-voltage
characteristic for this 120 um diameter mesa-etched device. [3]

We have further optimized the growth of the GaN QW regions as well as explored QW structures emitting at slightly longer
wavelengths where the internal absorption effects would be reduced. In Figure 10, we show the performance of a
GaN/AlGaN MQW LED with emission at 357.5 nm. From the EL spectrum, and one can see that the tail of the spectrum is
enhanced due to the strongly reduced absorption of the GaN buffer layer at those wavelengths. The L-I data shown in Figure
10b was taken from LEDs bonded to TO-headers (no encapsulation or lens), and using an integrating sphere coupled to a
calibrated Si detector. These LEDs showed > 100 uW output at currents up to 50 mA (~ 100 A/cm’ for these larger devices).
While these powers are at least an order of magnitude less than that measured from commercially available blue and green
LEDs, such powers are already sufficient for a number of fluorescence-based sensing applications.
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Figure 10: (a) Electroluminescence spectrum of a GaN/AIGaN MQW LED at 20 mA. (b) Light output-current-voltage
data for this larger device.
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5. PERFORMANCE OF InGaN/AlInGaN LEDS FOR 370 nm < A <390 nm

We have further explored UV LEDs employing AllnGaN quaternary alloys in the active region. These materials offer a
great deal of flexibility in that they can be lattice matched to GaN and AlGaN buffer layers and thus critical thickness and
cracking issues may be eliminated. Despite the obvious benefits of these quaternary alloys, the materials growth is quite
challenging due partly to very dissimilar optimal temperatures for Al and In incorporation. As a result, very few reports have
been made on the growth and optical properties of these materials [26,27). The buffer and cladding layer designs are similar
to GaN/AlGaN MQW structures, but the active region consists of 47 A thick In,Ga; N quantum wells with x=0.04 and 48 A
thick Al,In,Ga,, (N barriers with x=0.04 and y=0.14. This quaternary alloy composition has been found to have a room
temperature PL peak at ~357 nm. As described in section 3.1, we have found that active regions consisting of this quantum
well structure have very good optical efficiency.

In Figure 11, we show the electroluminescence spectrum and L-I-V data for a InGaN/AlInGaN MQW LED. The EL
spectrum, taken at 20 mA, shows a peak at approximately 386 nm and a FWHM of 10 nm ( 84 meV). The Fabry-Perot
oscillations seen throughout the spectrum indicate that these longer wavelengths experience relatively little absorption from
the GaN layers in the structure. The L-I-V data, taken on devices bonded to a TO-header and using an integrating sphere and
calibrated Si detector, show 0.5 mW at 50 mA (~100 A/cm?) and greater than 1 mW powers at current levels of 100 mA (~
200 A/cm?). The peak external quantum efficiency of these devices is approximatety 0.3%. Work is in progress to optimize
growth and design of these structures to achieve higher operating efficiencies.
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Figure 11: (a) Electroluminescence spectrum of InGaN/AlInGaN MQW LED at 20 mA. (b) Light output-current-voltage
data for this device.

6. SUMMARY

We have overviewed a number of critical issues that must be addressed to achieve high efficiency UV LEDs. The issue of
optical efficiency of UV active regions was explored through photoluminescence studies of InGaN, GaN and AlGaN bulk
epilayers and MQW structures. Our results suggest that improved optical efficiency is achieved for active regions with In-
containing alloys in the QWs. Through a carrier leakage model that determined the percentage of carriers in unconfined
states of a GaN SQW structure, we determined that Aly,GaysN claddings provide relatively good carrier confinement for 2
nm GaN QW structures. We presented performance data for GaN/AIGaN MQW LEDs with emission in the 354-358 nm
region. Output powers > 100 uW have been achieved, which is sufficient for a number of fluorescence-based sensing
applications. A new InGaN/AllnGaN MQW UV LED was described which demonstrated > 1 mW output powers at an
emission wavelength of 386 nm. Further optimization of this structure may provide a high efficiency near-UV source
suitable for phosphor excitation and white light generation.
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ABSTRACT

The GaN-based MQW laser diodes have been improved excellently by introducing GaN/GaInN optical-guiding. The continuous
wave laser operation at room temperature has been achieved at the wavelength of 410 nm. The lifetime of room temperature
continuous wave operation is longer than 60 minutes at around 1 mW output. The external efficiencies of GaInN/GaN MQW blue and
green light emitting diodes (LEDs) have been increased by newly developed flip-chip (FC) type LED lamp structure. The luminous
intensities of the FC-type blue and green LEDs were typically 6 cd and 14 cd at 20mA, respectively. The FC-type blue and green LEDs
are the brightest levels in the world currently. The peak wavelengths and full widths at half maximums were typically 464 nm and 27 nm
for the blue LEDs, and 515 nm and 32 nm for the green LEDs.

Keywords: GalnN/GaN MQW, LED§, LDs, CW, MOVPE

1. INTRODUCTION

M-V nitride compound semiconductors are potential materials for high efficient optical devices in the ultraviolet to red spectral region.
Excellent uniform epitaxial layers of GaN and nitride alloys were grown on sapphire substrates using an AIN buffer layer by
metalorganic vapor phase epitaxy (MOVPE)." High-quality GaInN/GaN multiple quantum wells (MQWs) structure of GaN-based
superlattices enhanced the optical efficiency by nearly two-orders of magnitude in comparison with bulk GalnN.* The high efficient
GaInN/GaN MQW LEDs have been commercialized for UV, blue and green light sources. Akasaki, et al. reported for the first time the
laser irradiation from GalnN laser diode by current injection at room temperature (RT) in 1996.> Recently, III-V nitride semiconductor
laser diodes (LDs) have been improved to the grade of a digital versatile disk (DVD) application. The MQW separated confinement
hetero-structure (SCH) laser diodes have been realized with longer than 10,000 hours lifetime under continuous wave (CW) operations at
RT 4

In this paper, we will report the improvements of the GaN-based LDs by applying GalnN/GaN optical guide. The RT CW operation
also has been achieved in the range of hours in the lifetime at around 1 mW output. We will also report the higher efficient GaN-based
LEDs improved by flip-chip (FC) type bonding structure.

2. EXPERIMENTS

The GaN-based epitaxial layers were basically grown by atmospheric metalorganic vapor phase epitaxy (MOVPE). The sources of Al,
Ga, In, and N were the common gases such as trimethylaluminum (TMA), trimethylgallium (TMG), trimethylindium (TMI), and
ammonia (NH;), respectively. The Si and Mg dopants were incorporated using silane (SiH,) and biscyclopentadienylmagnesium (bis-
Cp:Mg).

2.1 GaInN/GaN MQW SCH LDs

One of the schematic structures of GaInN/GaN MQW-SCH LDs is shown in Fig. 1. The LDs consisted of n-GaN contact layer, n-
Al,; Ga 153 N cladding layer, n-GaInN/GaN optical guide double layers, GaInN/GaN MQW active layer, p-GaInN/GaN optical guide
double layers, p-Aly;;Ga o53N cladding layer, and p-GaN contact layer which were grown on sapphire substrate with low temperature
(LT) buffer layer. The number of MQWSs was two to six. The conventional optical guide layers consisted of GaN. However, we applied
GaInN/GaN optical guide layers, because an optical confinement factor of GaInN optical guide layer is superior to that of GaN. The LD

*" Corespondence: Email: 1g24053(@toyoda-gosei.co,jp; Telephone:+81-52-400-5183; Fax: +81-52-400-1249

In Light-Emitting Diodes: Research, Manufacturing, and Applications 1V, H. Walter Yao, lan T. Ferguson,
E. Fred Schubert, Editors, Proceedings of SPIE Vol. 3938 (2000) ® 0277-786X/00/$15.00



‘ structures were mesa or ridge geometry. The widths mesa or ridge were 2 to 5 pm. the cavity lengths were 300 to 700 wm. The mirror
| facets were fabricated by reactive-ion-beam-etching (RIBE) and the high-reflection (HR) mirror coats were TiO2/Si02 dielectric multi

layers.
p—electrode p-GaN p-AlGaN
\ p-GalnN /GaN
/7 MQW(GalnN/GaN)
"' n-GainN /GaN
L/
____________ o4 n-AlGaN
’
4
e r—— 7 n—electrode
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n—GaN
Sapphire Substrate
Fig. 1. Schematic layer structure of LDs.
2.2 GaInN/GaN MQW LEDs

The blue and green MQW LEDs consisted of asymmetric double heterostructure p-n junction with GaInN/GaN MQW active layer.
The MQW had two to five quantum wells. The layer structure of FC-type MQW LEDs is shown schematically in Fig. 2. The InN
molar fraction of the GaInN quantum wells for the blue and green LEDs was approximately 0.2 to 0.4, Mg-doped AlGaN layer was
grown sequentially on the GalnN/GaN MQW layer. Mg-doped and MQW layers were partially etched by reactive-ion-etching (RIE) to
form an ohmic contact onto the Si-doped n-GaN layer. The p- and n-clectrodes were bonded onto sub-mounts and the emission irradiated
upward through the sapphire substrates. The light transmission of a conventional electrode for p-type contact layer, which covered light
emitting surface, was not always perfect. On the other hand, in the case of the FC-type LEDs, the p-lectrode was not transparent, the

light from MQW active layers emits directly through sapphire substrates to outside of LED chips without of any obstacles such as
electrode metals.

Sapphire Substrate

7

AIN buffer

n—GaN

n—electrode

p—electrode

Fig. 2. Schematic layer structure of FC-type LEDs.




3. RESULTS AND DISCUSSION
3.1 GaInN/GaN MQW SCH LDs

The threshold current (1) of the double-guide-layer SCH LDs was 60-70 mA at RT-CW operation. The current-output-voltage (I-L-
V) characteristics under the RT-CW operation are shown in Fig. 3. The operation voltage for the threshold current was approximately 8
V. The RT-CW emission spectrum is shown in Fig. 4. The laser wavelength was 408 nm and its full width at half maximum (FWHM)
was 0.03 nm,

One of the preliminary lifetime evaluations is shown in Fig. 5. The CW laser operation at room temperature continued for one hour
with around 1 mW output as shown in Fig. 5.

The longer lifetime is under investigation, which could be expected by reducing dislocation in LD epitaxial layers. The multi low-
temperature (LT) buffer layers also could be effective for reducing dislocation. We applied the multi LT buffer layers to the laser diode for
the first time. The density of etch pits in the epitaxial layers reduced from 1x10® cm? to 5x10° cm? using the multi LT buffer layers.
Therefore, We have been optimizing the laser diode structure and investigating the lifetime.
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Fig. 3. I-L-V characteristics under RT-CW operation.
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Fig. 5. Preliminary aging test at around 1 mW under RT-CW. operation

3.2 GaInN/GaN MQW LEDs

The external quantum efficiencies of GaInN/GaN MQW blue and green LEDs have been increased to almost double by newly
developed flip-chip (FC) type LED lamp structure. The luminous intensities of the FC-type blue and green LEDs were typically 6 od and
14 cd at 20mA, respectively. The brightness of FC-type blue and green LEDs are the highest levels in the world currently,

The output powers of the FC-type blue LEDs are much higher than that of the conventional face-up type blue LEDs. The output
power of the FC-type LEDs was 14 mW at 20 mA, which was approximately two times higher than that of the conventional blue LEDs
as shown in Fig. 6. The external quantum efficiency at 20 mW was as high as 20 %.
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Fig. 6. Output power characteristics of FC-type and
conventional biue LEDs as a function of forward current.




The FC-type LED lamp structure did not affect to the electroluminescence spectra. The peak wavelengths and full widths at half
maximums were typically 464 nm and 27 nm for the blue LEDs, and 515 nm and 32 nm for the green LEDs as shown in Fig. 7.
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4. CONCLUSION

We have succeeded in CW operation of GaInN/GaN MQW-SCH laser diodes at RT. The low threshold current of 60 mA (2.4
kA/cm2) was achieved by introducing the GaInN/GaN optical guide layer and the loss reduction. The lifetime of CW operation is longer
than 60 mimutes at around 1 mW output. The extemal efficiencies of GaInN/GaN MQW blue and green light emitting diodes (LEDs)
have been increased by newly developed flip-chip (FC) type LED lamp structure. The luminous intensities of the FC-type blue and green
LEDs were typically 6 cd and 14 od at 20mA, respectively. The FC-type blue and green LEDs are the brightest levels in the world
currently.
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ABSTRACT

White light for illumination can be produced from LEDs either by combining red, green and blue emitting chips in
one lamp, or by using phosphors to down-convert the emission of short wavelength emitting InGaN LEDs. Both
concepts will be critically reviewed, and simulations compared with experimental evaluations. As expected, each
solution has advantages, but also drawbacks, which are weighted by the specifics of the applications. The overall
picture strongly depends on the efficiencies of the single color chips, the temperature coefficients of all involved
materials, and the wanted light output per lamp.

Keywords: Solid state lighting, LED, electroluminescence, phosphors, photoluminescence, GaN, color rendering

1. INTRODUCTION

Solid State Illumination (SSI) has long been dreamed about. The illumination market being some
$10'year is of an attractive size even for large companies. Recently formed joint ventures of lighting
companies with manufacturers of light emitting diodes (LED) indicate the direction of the development
very clearly. In spite of the fact that the incandescent light bulb has moved down its cost development
curve to a point where no newcomer can compete with it, a definite chance for penetration into certain
application segments is obvious. “Cold Light” as opposed to light emitted as thermal radiation from hot
enough filaments in incandescent bulbs, has been a dream since the discovery of electroluminescence in
the ‘30s. The first successes in powder electroluminescence in the ‘50s sparked the vision of illuminating
walls and ceilings, but reality ran short in efficiency and lifetime as well. The fluorescent lamp was the
first realization of a cold light source, and turned out to be so successful, that all other attempts were
deemed useless over the last decades. Lifetime was and is an as important issue. Especially in
applications, in which maintenance is costly or inconvenient, a premium can be charged. Overall
efficiency is an important factor, which determines cost of ownership to a large extent, and it is the last
two points, which helped the LED to intrude for instance into the traffic light sector over the last years.
Now that blue and green LED joined the red and amber LED, made in large numbers exclusively for
signaling over many years, Solid State Lighting (SSL) becomes feasible. Very recently the efficiency
values for the (In,Ga)N based blue and green LED approached the values common for high power

(AL, Ga,In)P diodes, which go into the traffic lights and car lamps in ever growing quantities, and their
power efficiency surpassed the value for the best incandescent lamps (Fig. 1). Very good pre-conditions
are given right now to enter the era of ‘cold’, solid state light from sources with very high radiance (point
sources) and virtually unlimited maintenance [1,2].

1.1 General Considerations

(In,Ga)N technology allows to manufacture diodes for any color between about 400 and 580 nm today,
590 to 670 nm is the realm of high power (Al,Ga,In)P. Typically the line width of the nitride-based LEDs
varies between 20 and 35 nm (fwhm) and of the phosphide-based ones between 15 and 25 nm. As there is
a quasi-continuum of peak wavelengths manufacturable, one could think of assembling many LEDs to
compose a broad ‘white’ emission band — a near Planckian distribution. A much better, more efficient
way to produce white light, however, is the mixing of relatively narrow lines of the basic colors — Red,
Green, Blue — demonstrated and proven by the Philips 3-color fluorescent lamp. It showed that by
choosing the right wavelengths and spectral widths it is possible to generate white light of any wanted

In Light-Emitting Diodes: Research, Manufacturing, and Applications IV, H. Walter Yao, lan T. Ferguson,
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Correlated Color Temperature (CCT) and good Color Rendering Index (CRI). So, the first idea coming to
mind in considering the new possibilities of LEDs, is to follow this example. Using 3 LEDs has even

some advantages over the fluorescent case, as the broader emission bands, can give even better CRI. An
example spectrum is given in Fig. 2.
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Fig.1: The power conversion efficiencies of LEDs and lasers approach 50 to 70% in the
infrared with no obvious reason that the high values should be limited to this range, and not
be reached in the InGaN range after further development; after Craford et al., p.35 in [2].

Before going into details, one might want to consider other examples given by previous developments.
Mercury high pressure lamps have good radiometric efficiency but very poor color rendering as they are
radiating besides UV only blue in any appreciable amount. One of the great ideas was the color
correction, improvement of CRI, by adding a phosphor to the bulb, which converted part of the primary
radiation into yellow. A reasonable ‘white’ resulted, and OSRAM products proved this, using a highly
stable yellow phosphor - Ce®* doped Yttrium-Aluminum-Garnet (Y3Als012) [3]. It was an evident way to
try, whether the same phosphor could be excited by the light of a blue LED, and at the same time mixed
with a rest of the original blue. And it worked, as Nichia proved in their first white LED [4].

So, it has been proven, that there is an alternative way of producing white light by LEDs: mixing of blue
from an LED and a complementary luminescence excited by the blue radiation in phosphor(s). The
phosphor(s) have to meet a set of conditions to provide acceptable solutions of the problems involved.
The conditions comprise: good light quality — CRI >80 at a wanted CCT with very limited change over
the range of operating temperatures; good mixing, angular or far-field, with the non-absorbed blue; good
control of the absorbed fraction for all operating temperatures.

Following the show case of the fluorescent lamp, as a third possibility, one would have to use completely
absorbed radiation from an LED, which excites phosphor(s), yielding blue, green and red, or blue and
yellow, or any other combination, which mixes to white. The basic drawback of this “‘UV LED’ solution
is the higher quantum deficit, which had to be compensated by other advantages over the ‘blue LED’
phosphor conversion. We are not going into details of the UV LED approach, which seems to be a
favorite of GE [5].

The two different solutions, which we will term multi-chip LED lamps (mcLED), and phosphor-
converted LED (pcLED) respectively, will be analyzed for their dis- and advantages [6,7]. The mcLED
has the obvious advantage to provide no inherent loss mechanisms to the radiation from the primary
sources, except for the absorption of the radiation of one LED by another in the process of color mixing.
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Down conversion in a phosphor material, however, is an inherently lossy process, which for an ideal
phosphor of quantum yield 100% has an upper bound, set by the quantum deficit. In all cases
investigated, additional losses were encountered, and will be discussed with respect to their origin and
estimated margins.

1.2 State of the Art

Nichia introduced mcLED to market some years ago, which had rather poor characteristics, and found not
too broad an acceptance, and are not even advertised anymore. First commercially available ‘white’
PcLED, produced by Nichia and Hewlett Packard, in the form of 5 mm lamps, delivering some Lumens
only (not meant for general lighting!), and so-called TopLED surface-mount lamps from Osram/Siemens

6. pcLED
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Fig.3: Emission spectrum of a state of the art
chip into one LED lamp gives a white light source

white 5-mm LED lamp

have found quite some market. However, in the context of SSI they can only be regarded as samples to
study the problems. In all cases mentioned only one phosphor is used, which is excited by an LED at
460...470 nm (Fig. 3). In order to deliver a good CRI, the CCT has to be chosen in the 5000...8000 K
range. This limitation will be analyzed as an example for more general design considerations under
‘pcLED’. However one researcher [6 | very recently claimed the high color temperature as a great
achievement over ‘warm’ incandescent light, as it is more similar to day-light .

1.3 Scope of the Work

To get an oversight on the possibilities of generating white light for illumination, i.e. light which assures
good color rendering, a simulation program was developed, which calculates color coordinates, CCT,
CRI, Ra,, luminous equivalent and distance from the Planckian locus in dependence on the power
fractions of light from different LEDs, on conversion efficiencies of phosphor(s) and their respective
temperature dependencies. LED spectra were assumed to be of (second order) Lorentzian shape, which is
fairly good an approximation for the diodes used. First results obtained have been reported in [7,8]. This
paper will for the first time report comparisons to experimental data. Furthermore it will point out the
potential applications, in which special designs might be appropriate.

2. MULTICHIP LED

Any wavelength in the visible can be generated by either nitride or phosphide-based LEDs. The spectra of
the LEDs are narrow enough to place their color coordinates near the border of the color space. As shown
in the CIE-1931 color diagram of Fig.4, their chromaticity points move inwards with increasing junction
temperature, equivalent to saying that their spectra become wider, color purity decreases. Color mixing in
a color diagram can be described by drawing a line between the two color points, which correspond to the
two colors to be mixed. All colors, which can be achieved by blending appropriate amounts of light of
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Fig.4: CIE diagram, showing the color coordinates of some standard LEDs at junction temperatures of 25 and

105°C resp. The triangle 460{550/610 nm has less gamut but much better rendering than the full line triangle. Also
shown the color points of the mcLEDs of Table 1 and 2 being very near the Planckian locus

those two end points, lie on this line. In the same way any chromaticity point within a triangle can be
reached by mixing of the corner point colors. This is true even for strictly monochromatic radiation,
which would correspond to points on the periphery of the color space. For display application, or any
other (signaling) mode, in which direct view of the colors is aimed at, this description is perfect.
However, in illumination by no means: imagine monochromatic lines of blue, green and red to mix to a
perfect white — a point for a certain

460-530-630 nm temperature on the Planckian locus.
80 Objects illuminated by such a source
: ; will look very different from what
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wavelengths indicated).

Fig.5: Best choices of power fractions of 460, 530, 630 nm
emission, bringing the ‘white’ near to the Planckian locus (see
fig.4), but missing good rendering — see Table 1.
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For display purposes the dashed triangle with the corners materialized by LEDs of 460, 530, 630 nm
would generate delight by its large ‘color gamut’. However an attempt to compose a well rendering white
of a CCT of 3000°K fails as exemplified by Fig.5 and Table 1. A comparison to experimental makes
confirms the simulation results fully.

Table 1: mcLED from 460{530/630 nm LEDs (Fig5)

opt. p°§|eéllf{ac“°“’ CCT, K Ra LE, Im/W
14/38[48 3880 39 294
13[37]50 3590 36 294
12[36]52 3340 33 293
10135155 2950 31 250

Reducing the gamut to 460, 550, 610 nm LEDs, yields excellent CRI values, demonstrated in Fig.6 and
Table2 with even the variation with junction temperature of the LEDs being acceptable. It is not well
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Fig.6: Composing LED spectrzligof peak wavelengths 460, 550, 610

nm, one can obtain good CRI values, but hardly acceptable shifts

of CCT with junction temperature, Table 2.

predictable from first principles of
color science how such changes of
peak wavelengths affect CRIs, as
they depend rather strongly on the
detailed shape of the lines too
(keeping in mind that there is no
unique spectrum related to a
chromaticity). Experimental spectra
very closely correspond to those
simulations.

A detailed analysis shows that good
‘illumination white’ of any color
temperature between 3000 and
7000°K can be composed from LED
spectra with peak wavelengths of
460, 550, 615 nm.

Table 2: mcLED from 460[550|610 nm LEDs (Fig.6)

Junction lum. effi/
o CCT, K Ra lum. effi.(25°C), | LE, Im/W
temperature Tj, °C o
25 2860 80 100 402
45 2880 85 92 391
65 2910 89 36 381
85 2970 92 79 368
105 3070 % 7 359

One important consideration has not been touched upon yet. Without going into cost deliberation in any
numerical way, the most basic consideration leads to the conclusion that in an mcLED lamp the major
cost items are the chips. As on the other hand the customer is interested in buying as much lumens per $
as possible (in fact mostly Im*years/$) the design has to aim at maximum lumen/chip area. This means



driving the chips at maximum current density. This maximum is set by temperature and reliability
constraints. In general the efficiency, 1, will decrease with increasing temperature. Besides the efficiency,
peak wavelength and spectral width are T-dependent too. There are no good data in the sparse literature
on these issues. We have included into Fig.4, what we believe are the best data, summoned into color
coordinates. No major changes seemingly occur.

The conclusion to be drawn from these data is obvious: active color control is necessary, if the junction
temperature is expected to change. As the efficiency cannot be increased at higher temperature, the active
control will be limiting the efficiency at any lower temperature to just this value; the control has to burn
off the efficiency surplus at the lower temperatures.

Going back to Fig.1 one could be inclined to do some projection of the power efficiency values just by
comparison. External power efficiencies in the red spectral region based on phosphides, which are much
longer under development, could be an indicator. A rather conservative assumption - in view of the
roughly 30% in the deep red - for the blue spectral region would be 16% reached in 2 years from now. As
green has been notoriously lower than blue, let us assume (without any proof of probability) a value of
10%, and for 610nm of 20%. Using these values, we come up with about 50 Im/W for the room
temperature value in Table 2, which was used as a reference point. An assumed reduction of the
efficiency by 10% for the nitrides, and for 610 nm one of 30% at AT=80°C cuts it back to about 38 Im/W,
as not only the radiometric efficiency drops, but also the luminous equivalent. However, this is in the
range of compact fluorescence, and much beyond halogen lamps. It is hardly conceivable how to get a

good color mixing in the lamp without additional losses, but no reliable estimates or even data are
available at this time.

3. PHOSPHOR CONVERTED LED

As mentioned before, the basic concept of pcLEDs, as they are on the market now from Nichia, Agilent
(Hewlett-Packard) and Osram/Siemens, is the old one of color correction as it was applied over years to
high pressure Hg lamps.

The pcLED lamps are encapsulated in epoxy, which helps light extraction by its refractive index and by
the lens shape. So the easiest way to
apply a phosphor is by suspending it in
the epoxy before curing. The results is a
rather uneven distribution of phosphor
particles, somewhat sorted by size by
gravity action, in a layer above the LED
chip (Fig.7). A typical experimental
spectrum has been shown in Fig.3.
Clearly there is a remainder of the blue,
emitted by the diode, sneaking through
the space between phosphor particles or
scattered by them. The broad yellow band
is characteristic of the phosphor —
YAG:Ce. To be more precise the
phosphor in this case is an
(Yttrium,Gadolinium)-Aluminum-Garnet
doped with Ce®*, and the Gadolinum has
the effect of changing the crystal field at the Ce’* site, shifting the emission towards longer wavelengths.
The precondition of working this way is a high enough absorption/excitation of the dopant at the diode

emission wavelength. Fig.8 shows excitation and emission spectra for various Gd contents of the
YAG:Ce™.

Fig.7: Micrograph of a pcLED lamp. Clearly visible the
chip, the contact, and irregularly shaped phosphor particles
in the epoxy encapsulant.
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Quite a variety of peak wavelengths of (In,Ga)N
LEDs can obviously be used, judging from the
excitability of the phosphors only. The additional
selection criterion is the color temperature and the
CRI one shoots for. In a 1931 color space the
choices for the color coordinates look simple:
Combining a given phosphor with some diodes of
the peak wavelengths labeled allows for the straight
lines in the left part of Fig.9. Combining a given
diode (460 nm in this case) with phosphors of
differing Gd content, allows for the lines in the
right part. What point on the respective line is
accomplished, depends on the amount of primary
radiation from the diode converted into ‘yellow’,
that means essentially on the phosphor amount
admixed to the encapsulant. The color rendering is
not as easy to describe. One has to go back to
combined spectra, and run the routine devised by
the CIE to determine the general color rendering
index, Ra, or even all 14 special color rendering
indices [9]. To avoid ‘tint’ (deviation from pure
white), the color point should be very close to the
Planckian locus. In an experimental make of
pcLED with a wavelength variety of LEDs the heap
of Ra versus CCT data of Fig.9b were obtained,
while close control of the LED wavelength but

(Y,Gd)AG: Ce
1.2
T 4 emissipn
N y
T 0.8 m [Gd] =
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Fig.8: Emission (upper part) and excitation (lower
part) spectra of YAG:Ce phosphors shift with
increasing Gd content to the red.
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Fig.9: In a pcLED one has the choice of some LED wavelengths for each phosphor (left part) and
for any LED wavelength several phosphors are possible (right part).




varying the phosphor amount yielded Fig.9c.
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Fig. 9b: Experimental values from lamps
made with one phosphor, and
LEDs of various wavelengths.

Fig.9c: Experimental values - varying the
phosphor content

To convey some feeling for the matter to readers, who are not familiar with color science, Fig.10 shows
some spectra, and Table 3 gives values of the respective CCT and Ra.. It is obvious, that it is difficult to
reach good color rendering at low CCT. Customer satisfaction in Scandinavia, where CCT below 3000°K
are most preferred will be difficult to reach, while in Japan with preferred values of 6000°K this solution
will satisfy most wishes.

Table 3: pcLED from 460 nm LED + YAG:Ce (Fig.10)

opt. power fraction, o
LED|phosphor CCT,°K Ra LE, Im/W
1288 3540 70 350
18|82 3860 73 330
22|78 4110 76 318
26|74 4490 79 304
31|69 5270 82 286
Having highlighted the temperature dependence
o “Gonm» YAGCe of color coordinates in mcLEDs Fig.11 presents
; ; v similar data for the 1-phosphor converted LED
60 4. AR PR .
| 4490K:Ra=79 (1-pcLED), which are supplemented by Table 4.
R R . T Really the change with temperature is almost as
e /1 A B T pronounced as in mcLEDs, and by no means
] : N it R negligible. One might wonder whether customers

will cope with it. Of course incandescent shows
the same red shift with dimming, which one can
achieve, if it is designed into the pcLED.

....................................................

700

Of course certain assumptions had to be made

Fig.10: With YAG:Ce it is possible to achieve good about the temperature dependence of the LED and
CRI values (Ra>80) at CCTs above 5000°K only; see  of the conversion efficiency of the phosphor. Both
Table 3 also. were based on measurements taken on the two
components separately. The experimental spectra
of the pcLED do not well compare to the simulations, as shown in Fig.11b. The question about the reason
for the discrepancy can tentatively be answered by looking more closely into the shift and broadening of
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the LED spectra with temperature and the decreasing overlap with the absorption spectrum of the

phosphor. We will come back to this aspect.

Table 4: pcLED from 460 nm LED + YAG:Ce, varying junction temperature, Tj (Fig.11)

Junction o
temperature T_], OC CCT, K Ra LE, lm/W
25 4490 79 304
45 4550 79 302
65 4610 80 301
85 4680 80 299
105 4750 81 298
1.2 : "
' ,,,,, Pgm _____ __3006, 5100K, 71 ; ;| ——0deg. C,5100K 74
; : LR R RRRTREREERPR S IS O) 523K, 75 |-
R L1 ——850 5470K 74 - 550K, 77
g ; L 70, 5720K,75 SRt A | MR Pl —w, sKT |
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Fig.11; The temperature variation of the pcLED
depends on the phosphor chosen; it is sensible in this
case, but rendering improves with increasing
temperature

Fig 11b: Experimental values on 1-phosphor lamps
in dependence on temperature, CCT and Ra given
in the legend

As further improvements of color rendering are very possible, it seems a good idea to think about
other phosphors. What the YAG:Ce does, as probably no other material, is to provide an
extremely broad spectrum.. Ce® has the unique feature to combine the action of a dipole-allowed
5d-4f radiative transition, which is strongly lattice coupled (and therefore phonon-broadened)
and crystal field dependent, with an additional ‘broadening’ by its spin-orbit split ground state.
The two-peak structure is washed out by the other broadening influences. By this double action

the emission band is much broader than the
width, which for instance Eu®* exhibits
(another example of an allowed 5d-4f
transitions). So, Ce** appears to be the
ultimate choice for a 1-pcLED, and the host
is right to shift excitation and emission into
the right position.

Adding a second phosphor or a third color can
vastly improve the color properties of the system.
Very much alike the situation in the mcLED the
blue from the diode can be complemented by a
green from one phosphor and a red emission from
a second phosphor. If the phosphors are ‘right’,
this could be the ultimate choice. The problem

460 nm + TG:Eu + SrS:Eu
50

45
40 |
35 |
30 4
25 |
204

—_'2930K: Ra=93
——3060K: Ra=93
~— 3350K: Ra=93
—3970K: Ra=93
— 5620K: Ra=93
—— 7560K: Ra=90

radiance

Fig.12: The spectra show the variety of CCTs,

obtainable with excellent rendering by the combination

of two highly balanced phosphors; see also Table 5.
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Fig. 12b: Experimental results on 2-phosphor
pcLED exhibit Ra>85 for all CCT obtained, 3200 -

4400 K in this case.

lies in finding the right combination, which is
excitable by the same blue diode emission. It is not
evident, that a solution to this problem exists,
which furthermore gives a good color rendering.
But really there is a combination and it is Eu®* in
SrGa,S, for green (TG:Eu) and the same dopant in
SrS for red (SrS:Eu’"). Their emission spectra are
shown together with emission of a well exciting
LED in Fig.12. In the CIE1931 color space the
combination looks as depicted in Fig.13. It is
obvious, that the corners of the triangle are not too
far from the preferred mcLED combination of
Fig.5. No incident, as the spectral widths are also
comparable. Table 5 shows some power fractions
of the spectral components, which lead to the Ra

values at the respective CCTs. No doubt, de-luxe lighting can be achieved, based on this system.

2 phosphor pcLED

20
CCT,K
0 — oy ; i
2000 4000 6000 8000 10000

Fig.12c: Experimental makes of 2-phosphor
LEDs show the expected excellent rendering for

all wanted color temperatures

A reality check produced the experimental spectr a
shown in Fig.12b, the variety of which is due to the
varied amounts of each phosphor in the lamps.
Fig.12c gives the (expected) good rendering behavior
of the generated light for a whole bunch of wanted
correlated color temperatures. This could have easily
been extended to higher color temperatures but the
present understanding is, that general indoor lighting
will give a preference to the “warm’ whites. And as
pointed out before, good rendering in the high CCT
range can be achieved with one phosphor. The slight
undershoot of the expectations, expressed in Table 5,
which gives the simulated results of Ra lying above
90, has yet to be explained. As tentatively as the
possible reason for the disagreement between Fig.11
and 11b it could be the incomplete account taken of

the consequences of shift and broadening of the LED emission, which causes these differences.

Table 5: 2-pcLED from 460 nm LED + TG:Eu + SrS:Eu (Fig.12,13)

opt. p°lv3vleéllf{a°“°“= CCT, °K Ra LE, Im/W
1013258 2935 93 325
12[33/55 3062 23 325
1434)52 3351 93 322
1935146 3973 93 320
29036]35 5616 93 269
35137128 7561 90 290

An often-asked question is to the amount of efficiency one has to pay for the many advantages of pcLED.
We know of no published systematic investigations of this problem. The major difficulty

lies in the inevitable (at the present state of the art) variation of the output or efficiency of individual
chips, even of one wafer. So, the only possibility, which we saw, was a statistical approach:




40

oo - . : ‘ ‘ . manufacturing from the same

‘ : : : ‘ : : wafer in the same way many
o8l T~ L S L o pcLED and many reference
. : i : : r ~— Plarckian locus .

- - | . WPLED To25C blue LED. A comparison of the
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a Phospros yield the conversion efficiency.
This was done some years ago
with 5-mm lamps of
conventional (HP) design. The
result is summarized in Fig.14.
Obviously the gross conversion
efficiency is 58%. As the
relative standard deviations in
either of the groups are about
10%, this result can be well
trusted.
Comparing the experimental
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but a conservative value for
this factor in the energy
efficiency is 84%. The quantum efficiency of YAG:Ce*, and of SrGa,S,;:Eu** has been reported to be
>95% . The product of these values yields an upper margin of 80%. So, evidently there is room for
improvement. The losses presently encountered are not well investigated and will be the object of (many)
further papers.

It is, however, tempting to try an estimate whitelblue 25
of the luminous efficiency on about as
reliable a basis as the one used for the 2
mcLED. The values are best guess >
values, extrapolated from much too few % 15 E
data, to be reliable. Nevertheless, they g . £
could provoke an exchange of data and = 3
predictions spurring further development. 0.5
So, based on the same efficiency of the
blue LEDs of 16%, used for mcLEDs, 0+———— f ’ —L 0
and on conversion efficiencies of 70% 0 50 100 sample# 150
for the phosphors, we end up with values Fig.14: Statistical comparison of pcLED with blue LED from
which are about 30% below the mcLED the same wafer, built in the same process, except for phosphor
ones. (And of course the luminous loading of part of the epoxy (full squares refer to white lamps
efficiency increases dramatically.) and to the right scale).

4. FUTURE DEVELOPMENTS

In the discussion of white LEDs the kind of application, one aims at, is as important as the knowledge
about the technological constraints. Landscape or parking lot illumination have completely different
requirements from living room lighting. And may be a one-size-fits-all attitude would hinder the overall



development of the field. We expect to see over the next years rather distinct product patterns to emerge,
as the fundamental understanding of the constraints and great potentials grows.

In principle the concept of pcLED need not to be limited to the use of non-absorbed blue and a
complementing phosphor spectrum. UV- emitting LED and phosphor emission covering the whole visible
spectrum or phosphor mixtures emitting the basic color components are feasible. However, to offer
advantages over the blue-retaining pcLED concept stringent conditions for the efficiency ratios of the
involved LED and the phosphors must be met. Thinking medium-term towards Lasers instead of LEDs as
primary light sources, this concept might gain momentum, as possibly the laser will be primarily
developed for other purposes and eventually could have best properties, if operating near 400 nm. In this
case, a three-phosphor variant appears appropriate.

In all phosphor-conversion light sources besides the right spectral position of the emission the spectral
position of the absorption/excitation needs full attention - it has to coincide with the spectrum of the
primary light source. So, the value of the Stoke’s shift is an important selection criterion.

Two classes of phosphors come to mind under those considerations

absorption in the host’s fundamental absorption, and recombination of generated electron-hole pairs in the
wanted spectral position, almost inevitably ‘on’ dopants, or

absorption in the lines of a dopant at lower energy than the fundamental absorption of the host and
emission in a dopant line (or in that of another dopant after transfer of the excitation).

Photoluminescence most often relies on the second class of phosphors, as seemingly it is easier to achieve
very high efficiency of the internal transitions of ions (transition metals or rare earths) with unfilled inner
shells. On the other hand the sulfides developed mainly for cathodoluminescence might catch up, if there
is an incentive to optimize them for photoluminescence. However the rather complex temperature
dependencies might limit usefulness in this application.

5. CONCLUSIONS
Solid State Lighting is on our doorsteps, may be even literally. The challenge is mainly on the LED side,
as even 100 % efficiency of the phosphor and negligible quantum deficit cannot improve on it. However,
phosphor development will greatly facilitate the introduction of a low(est) cost solution into many
applications, where long life with no maintenance and/or small footprint are mandatory.
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ABSTRACT

Increasing optical power and electrical-to-optical conversion efficiency enable visible light-emitting diodes to advance into
new applications and wider markets. InGaAlP/GaAs and InGaN/sapphire material systems cover the whole visible spectrum
of saturated colors used for display, signage, and automotive use. A combination of blue InGaN LEDs with phosphor
delivers a “white” spectrum adequate for most lighting needs. Demand for high optical power requires larger chips suitable
for high-current operation. Current crowding effects and their negative consequences for chip performance and reliability
limit the performance of high-power chips based on both material systems. Despite the differences between InGaAlP/GaAs
and InGaN/sapphire chip structures, a number of common design concepts leading to higher external efficiency and total
luminous output have been proposed, including large chips operating at high drive currents. This paper highlights
fundamental current spreading and reliability issues related to the chip size and operating current density, outlines a
framework for quantitative analysis, proposes and compares a number of novel high-power chip designs.

Keywords: indium gallium aluminum phosphide, indium gallium nitride, light-emitting diode, reliability
1. INTRODUCTION

Recent successes in InGaAIP and InGaN-based LED development have enabled a commercialization of emitters covering
the whole visible spectrum with external quantum efficiency in excess of 15%. Luminous efficiency of the best commercial
LEDs has surpassed incandescent lamps and is approaching fluorescent sources. However, total optical power emitted from
a single LED lamp is currently limited to less than 100mW. This limitation creates a major hurdle on the way to making
LEDs viable for conventional lighting and other applications. Since the internal efficiency of the quantum well (QW)
structures used for active regions of the LEDs already varies between 30% and 100%, further increase of the LED efficiency
requires a better light extraction through innovative chip and package design. Still, a chip operating at high current
remains an absolute requirement. A simple estimate shows that an ideal LED with 100% electrical-to-optical power
conversion would only emit about 30 lumens at the standard operating current of 20 mA - a miniscule amount of light
compared to the regular 1400 lumen (~100 W) incandescent bulb. While there is some room for an increase of operating
current for standard 10-15 mil chips, current-dependent degradation mechanisms such as defect propagation and dopant
diffusion apparently limit that value to 70 mA or less. Given a cost penalty inevitable for a module with a large number of
small chips, the current tendency for increasing chip size and current density is likely to continue and accelerate'.

Figures 1-3 illustrate the importance of the issues related to non-uniform current spreading in both InGaAlP and
InGaN/sapphire-based LEDs which comprise the majority of devices designed for applications requiring high optical output
and reliability. Similar effects of current crowding near a wire-bonding contact pad show up in a number of commercial
LED designs at operating current levels exceeding the specified limit. Moreover, such effects appear after extended period
of operation even at moderate current levels. Uniform current spreading is a common problem that spans the range of chip
geometries and material systems. An aspect of the current crowding problem related to the conductivity of n-GaN layer in
InGaN/sapphire LEDs was previously identified”. A quantitative approach to LED structure design and specific n-GaN
layer parameters were proposed to improve the chip reliability. We believe that an analysis built on the same assumptions
may be applied to other elements of the nitride-based LEDs as well as InGaAlP-based LED structures. This paper discusses
both the numerical model and some of the practical solutions for the optimum high-power chip design. Alternative designs
are also presented in this volume'.

*Correspondence: Email: ivan.eliashevich@gelcore.com; Telephone: 732 271 9090x4129; Fax: 732 560-5790
*New address: Semcolaser Technology, 18007 Cortney Court, City of Industry, CA 91748

In Light-Emitting Diodes: Research, Manufacturing, and Applications IV, H. Walter Yao, lan T. Ferguson,
E. Fred Schubert, Editors, Proceedings of SPIE Vol. 3938 (2000) e 0277-786X/00/$15.00
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Figure 1. Current crowding in InGaN LEDs at high drive current.

a) b)

Figure 2. Current crowding in InGaAIP LEDs a) before and b) after 66 hours of aging at 30 mA, 55°C.

a) o b)

Figure 3. Current crowding in InGaN LEDs after aging.
Microphotographs of GaN LED with n-GaN doping 7x10'7 cm tested at 20 mA, RT:
a) before aging; b) after 1000 hours of aging at 30 mA, 55°C.
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2. LIGHT-EMITTING DIODES WITH VERTICAL CURRENT PATH

Red, orange, yellow, and yellow-green InGaAlP LED structures are epitaxially grown on GaAs substrates, and may be
subsequently transferred onto transparent GaP wafers in order to enhance the light extraction from the chip’. In either case,
the substrate is electrically conductive, and p- and n-type metal contacts are applied to the opposing surfaces of the chip (see
Fig. 4). The contacts are usually defined as “top” and “bottom”, and such configuration results in what may be called a
vertical current path. The same contact geometry is used for InGaN LEDs grown on conductive SiC substrates using
conductive buffer layers*, therefore the vertical current path model is applicable to those devices as well.

P-pad

sd———— P-GaP
+«———— |InGaAlP

DBR mirror

4—— Substrate

‘ U e o e “_ N-contact

Figure 4. Current spreading in LEDs with a vertical current path.

In a typical InGaAIP LED, a current spreading p-type layer (GaP or AlGaAs) is grown on top of the active light-emitting
part of the structure. In the case of absorbing GaAs substrates, a distributed Bragg reflector (DBR) stack is also grown
under the active region. Possible current paths from top p-pad to bottom n-contact differ by the spreading distance / from
the p-pad. Total voltage drop Vr along an arbitrary current path between the two contacts is given by the sum of voltage
drops across the p-layers Vp, p-n junction Vj, and n-layers Vy as:

. nkT ] .
Ve=Vp+V, 4V, = J(p;—conmcl + Pourl T Poupt) + —e——(l +In _]_) + J(Ppsr + Pr-contact ) (M,
0
where j is the current density, pg.pand ¢ are volume resistivity and thickness of p-type layers, » is the diode ideality factor, k
is the Boltzmann constant, T is the junction temperature, e is the elementary charge, jo is the saturation current density; p,.
contacts Pr-contacts AN Pppr are resistivities of the contacts and DBR, respectively.

Assuming negligible ohmic contact resistances, the current spreading is uniform when total voltage drop is the same across
any of the possible current paths, i.e. Vr is independent of / for 0 </<L:

V
Peir(L—1) <<TJ @

When this condition is not fulfilled, current is crowded through the paths with lower resistivity corresponding to shorter /,
which leads to the increase of local carrier concentration in the area of the higher current density, further current crowding,
and eventual collapse of the current under the p-pad. Similar feedback loops lead to current crowding developing during
aging. In that case, a higher initial current density near the p-pad leads to a reduced V; in that area of the device due to
higher local rate of dopant diffusion (see Fig. 2).

Uniformity condition (2) is more stringent for higher current density and larger die size L. For high-power chip designs it
is necessary to increase the thickness or conductivity of the current spreading layer. Alternatively, p-pad size may be
increased in order to reduce the effective die size L. Such a design may be realized in a form of cross-shaped contact, as
shown in Figure 5.



Figure 5. Current spreading improvement in LEDs with a vertical current path: cross-shaped contacts.

While solving the current spreading problem, such a design is detrimental to the light extraction efficiency due to the light
absorption by the contact metal (contact shadowing). As shown in Figure 6, the decrease in light output is almost exactly
proportional to the area of the chip covered by p-contact metallization.

95
Dot m

;:\ 90
©
- n Small Cross
3
=
3 85
9 Medium Cross =
=
k=
- [ Large Cross

804

75 T T T

75 80 85 80 95

Non-metallized Area (%)
Figure 6. Contact shadowing penalty in LEDs with cross contacts.
A design that overcomes the shadowing the cross-shaped contacts is shown in Figure 7. A resistive or n-type current

blocking layer grown under the p-pad by two-step epitaxial growth prevents the current collapse under the p-pad and
eliminates the contact shadowing effect”.

Resistive P-pad
layer
P-GaP
InGaAIP
Current Path DBR mirror

4————— Sybstrate

4+——— N-contact

Figure 7. Current spreading improvement in LEDs with vertical current path: current blocking layer.
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Indeed, a current blocking layer design proves to be the most effective for the chips operating at very high current densities
as demonstrated in Figure 8.
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—x— MediumCross
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Figure 8. High-power performance of InGaAlP LEDs with improved current spreading.

3. LIGHT-EMITTING DIODES WITH LATERAL CURRENT PATH

InGaN LED structures grown on insulating sapphire substrates require both n-type and p-type ohmic contacts on the same
side of the epitaxial wafer. Access to the bottom side of the p-n junction (usually, n-type) is provided by etching a mesa
structure through the top p-type layers and p-n junction into the n-type material. N-type ohmic contacts may be
subsequently formed to the exposed n-GaN surface while p-type contact is made to the mesa top surface. As a result of such
a contact geometry, a structure with lateral current path is formed. A cross—section of the LED structure showing two
adjacent devices on a wafer is shown in Figure 9.

P-pad
NiAu Transparent Contact 4/
P-GaN
inGaN
N-GaN
Current Path
¢ L < Sapphire

Figure 9. Current spreading in LEDs with a lateral current path.

Again, similar to the case of vertical current path structure, total voltage drop across the diode as function of current density
jis given by:



. s nkT Iy . s
VT = VP + VJ + VN = -](pNi/Au (L ‘—1) + pp—contact + pp—epit) + 7 (1 +In 3J—) + J(pn—GaNl + pn——conlact) (3)!
0

where j is the current density, pp..pi and ¢ are vertical resistivity and thickness of p-type layers, n is the diode ideality factor,
k is the Boltzmann constant, T is the junction temperature, e is the elementary charge, jy is the saturation current density,
Po-can and [ are lateral resistivity of n-GaN and length of the lateral current path through the n-type layer, Pp-contacts and Dy
contact Ar€ resistivities of the respective contacts.

We shall ignore the resistance of the ohmic contacts here for simplification. For the case when transparent Ni/Au metal
layer may be considered a perfect current spreader with negligible contribution to the total resistance, and only the vertical
component of the p-layers’ resistance is significant, the condition of uniform current spreading becomes

pn—GaNL << ij— (4)

The form and physical meaning of the limitation (4) for LEDs with lateral current path is similar to the condition (2) for
LEDs with vertical current path. Consequently, a current crowding near n-pad occurs in a structure with insufficient n-
GaN conductivity as shown in Figures 1 and 3, and the effect is triggered or enhanced by higher current density, higher
temperature, and larger chip size.

As reported earlier?, the current crowding effect is eliminated for the standard operating conditions by increasing the doping
level of the n-GaN layer to improve its conductivity (see Fig. 10).

a) b)

Figure 10. Microphotographs of GaN LED with n-GaN doping 1.5x10"® cm™ tested at 20 mA, RT:
a) before aging; b) after 1000 hours of aging at 30 mA, 55°C.

The assumption of a perfect current spreading by Ni/Au metal layer is only valid for relatively high thickness and Au
content of that layer. However, a thin layer with low Au concentration is preferable to achieve a better contact transparency
and improve the light output. Simplifying equation (3) for the case when the transparent contact resistance is the limiting
term gives the following limiting condition for Ni/Au layer resistivity:

A%
P L << —Ji ).

In the case of insufficient transparent contact conductivity when condition (5) is not fulfilled, current crowding around the
p-pad takes place similar to the InGaAIP LED with low p-GaP conductivity in Figure 2. The chip design with ring n-
contact and central p-pad placement in Figure 11b has the L effectively reduced by approximately a factor of 2 compared to
the standard chip in Figure 11a, thus relaxing both condition (5) and condition (4). No current crowding around any of the
pads has been observed up to 130 mA for the chips with the improved design even after the Ni/Au layer has been thinned

down to have a sheet resistivity of ~250£2sq, up by a factor of 40 from the standard value.
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Figure 11. Current spreading improvement in LEDs with lateral current path: ring n-contact with reduced current path distance.

Aging tests were performed for LEDs with thin Ni/Au, ring n-contact and central p-pad at an ambient temperature of 55°C
and injection current of 30 mA in constant current control mode (see Fig. 12). Bare chips without encapsulation were
mounted on TO-46 headers and were taken out of the environmental chamber for periodic measurements of current-voltage
characteristics and output power. Visual inspection was performed after 1000 hours of aging. For all the LEDs tested in
this experiment, the power drop observed after 1000 hours of aging did not exceed 20% of the initial value, and no current
crowding occurred during aging. The extrapolated aging rate was calculated to be ~9%/decade, indicating a lifetime to
50% degradation well in excess of 100,000 hours. For encapsulated chips tested at higher current or temperature conditions
(40 mA and 75°C), the power drop after 1000 hours of aging still did not exceed 30% of the initial value, and no current
crowding failures were observed.
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Figure 12. Reliability of Blue InGaN LEDs with ring n-contact.

The improved chip design with ring n-contact and central p-pad was also used to fabricate large size LEDs with side
dimension up to 28 mil, i.e. 4 times the area of the standard chip. Such devices were operated at the drive current of
300 mA for as long as 200 hours without any current crowding effects.



4. CONCLUSIONS

In conclusion, a simple analytical approach is proposed to optimize the structure of both InGaAlP and InGaN LEDs with
various current path geometries. An analysis is made of the contributions from different parts of the structure to the total
voltage drop across the diode. Failure modes associated with current crowding are identified in LEDs based on InGaAlP
and InGaN material systems. A number of improved chip designs is proposed and compared from the viewpoint of
enabling high-current operation of larger than standard chip sizes. A possibility of reliable 300 mA operation is
demonstrated for InGaN/sapphire blue LED chip four times larger than the industry standard.
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ABSTRACT

A study of the gain-switching process in GaInN MQW laser diodes is reported. Single peak gain-switched optical pulses
with pulse widths <40ps and optical powers equal to 100mW are observed when electrical pulses with duration of 800ps are
applied. Sub-nanosecond optical pulses with peak powers in excess of 450mW are also obtained and degradation
mechanisms are analysed. The transient response characteristics of the laser diodes are studied in both the time and spectral
domains.

Keywords: laser diode, gain-switching, GaInN, GaN, short pulses, relaxation oscillations

1. Introduction.

Picosecond optical puises in the blue and ultraviolet (u.v.) wavelength range are widely used in scientific applications such
as fluorescence spectroscopy, fluorescence lifetime measurements, gas analysis, interferometry and microscopy. Several of
these applications would undoubtedly benefit from the realisation of cheaper and more compact sources of short optical
pulses based on blue/u.v. emitting diode lasers. Recent developments in the technology for the growth and fabrication of
diode lasers based on nitride compounds’? suggest that a gain-switched GalnN MQW laser could be a simple and viable
solution for the realisation of such an optical pulse source. Gain-switching allows the direct generation of picosecond optical
pulses on demand, allowing high peak power pulses to be generated at variable repetition rate.

In this paper we study the temporal structure and the spectral characteristics of optical pulses generated by gain-switched
GaInN MQW laser diodes (LDs). The laser dynamics and the emission mechanisms in the short pulse regime are
characterised. The analysis extends to the laser behaviour in the multi-peak regime, which is observed at higher levels of
current injection. The laser performances and the degradation mechanisms are also studied under different driving
conditions.

2. Laser structures and experimental set-up.
The investigation is performed on LDs consisting of a separate confinement multiple quantum well (QW) heterostructure.
The epitaxial structures are designed and grown at the University of Meijo. The laser devices have been fabricated at the
Agilent Laboratories in Japan. The structures are grown on a c-face sapphire substrate by low-pressure metalorganic vapour
phase epitaxy. The stack of epitaxial layers comprises: a 30 nm thick AIN buffer layer, a 3um n-Aly 03Gag ¢7N contact layer, a
1um n-Alg0sGag osN lower cladding layer, a 0.1um n-GaN guiding layer, 5 pairs of 2.5nm Gaglng ;N QWs and 7.5nm Si-
doped Gaggglng N barriers, a 15nm n-Alg;sGaggsN electron blocking layer, 0.1um p-GaN guiding layer, a 0.5um p-
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Al 06Gag 04N upper cladding layer and a 0.1pm p-GaN contact layer. The lasers have a 3um wide ridge waveguide, 500um
long p-type contacts and cleaved uncoated facets. Further details on the growth and design of the LDs structure are reported
in reference °.

The experimental set-up used for the generation and characterisation of short optical pulses is based on a Kentech
Instruments APG-1 pulse generator. This produces 800ps long electrical pulses at a fixed repetition rate of 10kHz and is
used to drive the LDs. A low reflected/transmitted voltage ratio for the electrical pulse (<1/6) indicates a good impedance
match between the electrical signal generator and the LDs, and thereby the absence of significant distortions of the electrical
pulse. The optical beam is collected from the laser facet by means of bulk lenses and focused onto the photodetector. This
consists of a fast GaAs Schottky photodiode, which has an estimated bandwidth >15GHz *. The electrical signal from the
detector is analysed by a 34GHz Hewlett-Packard HP54120B/54124A oscilloscope. For the spectral characterisation of the
laser emission the second order reflection from the grating of an Advantest Q8381 spectrometer is used. This allows spectral
resolutions of 0.2-1nm. It should be stressed that all the experimental characterisations are carried out on uncooled devices,
mounted p-side up on a copper and brass mount which provides a limited heat sink with a volume of about 2.5cm’.

3. Experimental Results and discussion.

The LDs tested can only be operated in pulsed mode at room temperature. Figure 3a shows an example of the light-versus-
current (L-I) characteristic curve measured under quasi-CW conditions. The lasers are driven by 150ns square pulses at a
repetition rate of 3kHz (duty cycle = 4.5 x 10*). Under these conditions the threshold current is normally observed in the
300-600mA range (see fig.1), corresponding to a threshold current density > 19kA/cm?. The voltage at threshold is usually
215V. The best devices exhibit a slope efficiency equal to ~0.37 A/W per facet, corresponding to a differential quantum
efficiency of 12% per facet. The laser emission wavelength can vary between 405nm and 410nm, depending on the device.
Optical output powers of the order of 5-10mW are measured for a driving current equal to 1.05Ly,. As illustrated in fig.1, a
significant power roll-off due to saturation effects is observed in the quasi-CW L-I characteristics of uncooled devices. The
power roll-off is probably caused by junction heating.
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Figure 1. Quasi-CW L-I characteristics curve. The device is driven by 150ns square signals at a repetition rate of

3kHz.

Short pulse generation is obtained driving the LDs by means of 800ps electrical signals at a repetition rate of 10kHz (duty
cycle = 1 x 10%). Fig.2 shows a typical L-T curve measured under these driving conditions. The peak optical powers are
calculated assuming a fixed optical pulse witdh of 800ps (i.e., equal to the electrical pulse witdth), and deviding the
measured average powers by the duty cycle. This method underestimates the peak optical power, particularly for the lower
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current values, and causes the superlinearity of the curve in fig. 2. However, it can be safely concluded that sub-nanosecond
optical pulses with peak optical powers in excess of 450mW and pulse energies higher than 350pJ can be obtained for a
peak driving current equal to 6.7A (=131,). These are the highest peak power and pulse energy values measured on sub-
nanosecond optical pulses generated by nitride based LDs. It is also worth stressing that, as a consequence of the reduced
duty cycle, the L-I characteristics in Fig.2 shows no sign of power saturation effects.
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Figure 2. L-I characteristics curve measured on a device driven by 800ps long electrical pulses with a repetition rate of
10kHz. The values reported for the optical power are obtained from the measured average power, assuming a fixed duty
cycle.
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Figure 3. Dynamical characterisation of the gain-switched laser emission for different peak driving currents. The graph
refers to a GaInN MQW LD driven by 800ps electrical pulses at a repetition rate of 10kHz
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Figure 4. Optical pulse width (Atpwmy) and time constants for the rising (t;,)and falling edge (Tay) of the pulse trace in
fig.3. All the values refer to non decovolved mesurements. The values for T4, and Tgy are obtained by means of
exponential fits to the pulse edges.

Short pulse generation is observed for peak driving currents >21;. First, the emission dynamics of nitride lasers in the proper
single peak gain-switching regime is studied. For the LD shown in figures 3 and 4, gain-switching operation is obtained for
peak driving current in the 2.191y - 2.31y, range, with Iy, = 0.29A. The results in fig. 3 indicate that within such a current
range there is an increase in the optical peak power of more than 120mW and, correspondingly, a decrease in the laser tum-
on delay of more than 220ps. Further characterisations of the temporal structure of these pulses are presented in fig.4. Here,
we plot the optical pulse width Atpywyy, and the time constants Ty and Tg for the rising and trailing edges of the optical
pulses, as a function of the peak driving current. The profiles of the rising and trailing edges can be accurately fitted by the
functions exp(t/ti) and exp(-t/tay), respectively. The Tue/Ten ratio varies within 1.15-2.85, whereas the sum Ty Tay
approximates the pulse width value Atpwyy With good agreement for peak a driving current > 2.241,. A comparison between
figures 3 and 4 indicates that the increase in peak optical power is accompanied by a decrease in the optical pulse width
Atpwnm of more than 45ps. The temporal characterisations presented thus far allow us to conclude that gain-switched
AlGaN/GaN/GaInN LDs exhibit the same dynamical behaviour as other material systems >%.

An example of optimum single pulse generation is presented in figure 5. Here, a driving current equal to 2.7I;, produces high
quality single peak gain-switched pulses with no reaxation tails. The peak optical power is as high as 100mW and the optical
pulse width is about 60ps. Since the overall time response of our detecting system is estimated to be >45ps, the deconvolved
pulse width therefore is <40ps.

Fig. 6 illustrates, for the same device, the changes in the optical pulse induced by increased levels of current injection. The
gain-switched pulse of fig. 5 is shown in the curve (@) of the graph. The pulse curve (b) indicates the onset of relaxation
oscillations for the peak currents above 2.81,,. The effect of a further increase in the peak driving current is illustrated by the
bottommost pulse trace (¢). Curve (¢) is measured for a driving current higher than 3.2Iy. This allows an increased number
of relaxation oscillation cycles, producing an overall optical pulse width >400ps.
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Figure 5. Example of optimum single peak pulse generation under gain-switching conditions. The peak driving current
is equal to 2.7,
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Figure 6. The plot shows the onset of relaxation oscillations for increased driving currents. Trace (@) reproduces the pulse
of fig. 5. Trace (b) refers to a peak driving current >2 .81y, Trace (c) corresponds to a driving current above 3.21,.

A further characterisation of the relaxation oscillation cycles is presented in fig.7. Here we show the measured dependence
of the relaxation oscillation frequency (considered as the inverse of the relaxation oscillation period) on the peak driving
current. The trend appears to be almost linear. The relaxation frequency values are high (see for instance the value reported
in reference ). We speculate that this may be a consequence of a low photon lifetime.
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Figure 7. Relaxation oscillation frequency as function of the peak driving current expressed in unit of Iy,. The trend is
approximately linear.

To gain a deeper physical insight in the short pulse generation mechanism of GalnN MQW LDs, the spectral characteristics
of the optical pulses presented in fig.6 are investigated. The topmost curve in fig. 8 refers to the laser spectrum measured
under quasi-CW conditions. This is centred at 408.1nm. The spectrum (@) corresponds to the single peak gain-switched
pulse (a) of fig.6. The spectrum, centred at 404.8nm, exhibits a pronounced blue-shift with respect to the quasi-CW peak
and, in the limit of the our experimental resolution, appears also significantly broader. The spectra (5) and (c) in fig. 8
correspond to the pulse traces (b) and (¢) of fig. 6. Both suggest that a gradual red-shift towards the wavelength of the quasi-
CW peak occurs as the laser undergoes an increased number of relaxation oscillation cycles. Again, all these characteristics
are typical of the gain-switching emission and the relaxation process 5. We can therefore conclude that also from a spectral
point of view the gain-switched operation of nitride lasers is similar to other material systems.

quasi-CW

N\ (a)
_/\/\/\,\\ (b)

(c)

401 402 403 404 405 406 407 408 409 410 411
Wavelength (nm)

Intensity (a.u.)

Figure 8. The emission spectrum measured under quasi-CW operation (topmost)is compared with the spectra of the short
pulses shown in fig.6.
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Another parameter which is known to influence the laser emission under gain-switching conditions is the presence of an
additional DC bias ©. In the case of the LDs examined in this paper, only a quasi-DC bias can be applied. To study its effect
on the optical pulses we combine the usual 800ps electrical pulses with 200ns long square signals with a repetition rate of
10kHz. Fig. 9 shows the optical pulses obtained for increased levels of quasi-DC bias but maintaining a fixed peak driving
current. The increase in the quasi-DC bias is found to induce a decrease in the laser turn-on delay and in the optical pulse
width. These effects are accompanied by an increase in peak power. Almost negligible variations are observed in the trailing
edge of the optical pulse. Given that the time constant Tg; of the trailing edge reflects how far below threshold the carrier
density is pulled during the pulse emission ©, the negligible changes in the pulse tails of fig. 9 may reflect the fact that the
minimum carrier density reaches a similar values for the different pulses. This could be related to the presence of the
additional quasi-DC bias and the additional carrier supply thus provided. The trends for the optical pulse width and the peak
power are presented in fig. 10. Here, the threshold current is also indicated to highlight the fact that a slight increase in pulse
width occurs when the quasi-DC bias crosses the threshold level.

Finally, we examine the degradation of the laser. We observe that by applying driving current below 3Iy,, one can produce
peak optical powers in excess of 150mW for more than two hours without significant device degradation. It is worth
stressing that even for peak currents as high as 111, and peak optical powers of the order of 350mW sudden failures are not
observed. The gradual nature of the device degradation suggests that, up to this current and power levels, catastrophic
optical damage of the laser facets does not occur.

Intensity (a.u.)

1 1
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Figure 9. Pulse traces measured for different quasi-DC levels and for a fixed value of a pulse current. The short current
pulses consist of 800ps long eletrical signals with a repetition rate of 10kHz. The quasi-Dc bias is applied in the form of
200ns long square pulses with a repetition rate of 10kHz. The values for the quasi-DC bias are: 403, 336, 268, 201, 134,
and 67 mA.
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Figure 10. Optical pulse width (topmost part of the plot) and peak intensity (bottommost part of the plot) as function of
the quasi-DC level. The data refers to the optical traces in fig.8.

3. Conclusions.

The generation of short optical pulses from AlGaN/GaN/GalnN lasers is investigated in both the time and spectral domain
by means of 800ps driving electrical pulses. Our study shows that the dynamic behaviour of gain-switched nitride lasers is
generally similar to those observed on other material systems. We demonstrate that LDs which can only perform room
temperature pulsed operation can be safely gain-switched to provide a source of optical pulses shorter than 50ps with peak
powers of ~100mW. Optical power roll-off due to saturation effects is not observed on the L-I characteristics of devices
driven by 800ps pulses at a repetition rate of 10kHz. Sub-nanosecond optical pulses with peak powers exceeding 450mW
and pulse energies higher than 350pJ can therefore be obtained. Our investigations also indicate that facet damage is not
responsible for the device degradation up to peak powers of the order of 350mW.
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Abstract
A new white light emitting diode, the photon recycling semiconductor light emitting
diode (PRS-LED) is demonstrated. The device consists of a GaInN/GaN LED emitting in
the blue spectral range and an AlGaInP photon recycling semiconductor emitting at the
complementary color. Thus the PRS-LED has two emission peaks, one in the blue and
one in the amber wavelength range. The theoretical luminous performance of the PRS-
LED exceeds 300 Im/W, higher than the performance of phosphor-based white LEDs.

1. Introduction
Currently, white-light LEDs are based on photo-excitation of phosphors by a GaInN/GaN LED
emitting in the blue or ultraviolet (UV) range of the spectrum. The quantum efficiencies of both,
optically excited high-quality semiconductors and photoluminescent phosphors, can be close to
100 %"**. YAG-based phosphors are known to have broa